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Several experiments on the shape and position of the inversion lines of NH; have indicated an effective 
decrease in the inversion frequency with increasing pressure of the gas. As suggested in a former paper, this 
is to be expected on theoretical grounds. It is here shown, first with the use of a simple linear model, that 
the interaction of two NH; molecules causes the doublet levels to change their spacing in a manner which 
produces two possible transitions of different frequencies, one smaller and one larger than the normal value. 
When transition probabilities are calculated it is seen that the smaller frequency gains in strength upon 
approach of the molecules, at the expense of the other. In Section 2 the effect of rotation upon the distortion 
of the levels is calculated, and Section 3 contains a schematic calculation of the interaction of three mole- 
cules. The pressure for which the reduction in the resonance frequency is experimentally observed agrees 
surprisingly well with the distance of separation between molecules at which the effect here calculated sets in. 





EVERAL recent investigations! have shown beyond 
doubt the existence of a pressure shift in the in- 
version frequency of the ammonia molecule, whose 
normal value is about 0.8 cm~. In view of the useful- 
ness of this and other microwave lines for frequency 
stabilization? such an effect invites careful study. As a 
first step, this paper furnishes a calculation of the de- 
formation of the energy levels of an NH; molecule as 
it approaches a like molecule. Only binary interactions 
are carefully considered, the general problem of simul- 
taneous perturbations by many molecules being left 
unsolved. But even this simplified model sheds con- 
siderable light on the effects observed ; it shows why the 
frequency decreases, and it produces the correct order 
of magnitude of the frequency shift. 

The calculation is carried out for rotating, symmetric- 
top molecules, each carrying a dipole of moment yu 
along its figure axis. But to simplify things we shall 
first proceed with a linear model, which allows the 
interesting features of the problem to be seen more 
clearly, though less realistically. This will be done in 
Section 1, and it results in the following situation. Let 


* Assisted by the ONR. 

1B. Bleaney and J. H. N. Laubser, Nature 161, 522 (1948); 
D. F. Smith, Phys. Rev. 74, 506 (1948); I. R. Weingarten, dis- 
sertation, Columbia University, New York (1948). 

2 W. D. Hershberger and L. E. Norton, RCA Rev. 9, 38(1948). 


E, and E, be the energies of the normal inversion levels 
of NH;, £i— £2 being hyp for the microwave line. A 
system of two molecules at infinite separation has then 
three possible energies: 2E,, Ei+-E2, 2E2, and the two 
permitted differences between them both yield the 
normal £,—£». But the dipole interaction between 
molecule at finite distances of separation causes the level 
2E; to be raised, while level 2E» is lowered by the same 
amount. The intermediate level, Ei+ 2, suffers a 
greater downward displacement. Hence there are now 
2 different permitted frequencies, one larger and one 
smaller than normal. Their probabilities are very sensi- 
tive functions of the intermolecular distance, and it turns 
out that the strength of the smaller frequency increases 
greatly at the expense of the larger. 

In Section 2 we allow the molecules to rotate. In- 
stead of the three states of the linear model there now 
appear a large number of triplets with separations de- 
pending on the intermolecular distance. Each of these 
triplets undergoes the kind of deformation just dis- 
cussed and yields at sufficiently close approach of the 
molecules two frequencies, one larger and less probable, 
and one smaller and more probable than the normal 
frequency. For slight perturbations (low pressures) the 
results take on as first approximations the forms dis- 
cussed in a previous communication.’ 


3H. Margenau, Phys. Rev. 76, 121 (1949). 
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1. PERTURBATIONS IN LINEAR MODEL 


Our interest is confined primarily to the behavior 
of the two closely spaced lowest inversion levels of 
NH; under small perturbations. Since all other levels 
are far away, and since rotation is at present ignored, 
the variational method to be employed need not in- 
clude any states other than the two in question. Con- 
sidered as a linear structure, the NH; molecule has two 
minima corresponding to the position of the nitrogen 
atom on one side or the other of the plane of the 
hydrogen atoms. 

We recall the following facts about the double- 
minimum problem.‘ If V(x) represents a potential 
function of the form drawn in Fig. 1, and ¥(x) a stable 
state corresponding to the energy Eo, then the double- 
minimum problem for which the potential energy is 
V(x)+V(—<x) leads to the energies Ey+(v—u)/(1—8) 
and Eo+(v+)/(1+6) in the first order of a suitable 
variational calculation. The symbols are defined as 
follows: 


j= f vip_dx (1) 


aia f Vipipdx, v= [vevcae (2) 


provided we write ¥_ for ¥(—x), and so forth. The 
quantities u and »v will not be needed in our work; nor 
shall we require the specific formulas for the two en- 
ergies given above. We call them henceforth EZ; and E, 
and assume that E,> E>». The states corresponding to 
E; and £2 are 

¥i=[2(1—6) 4Y_-—v4), (3) 


v2=[2(1+-6) F4_+¥4). (4) 











Fic. 1. Explanation of symbols. 


4D. M. Dennison and G. E. Uhlenbeck, Phys. Rev. 41, 313 
(1932). 


If a second molecule is placed with its dipole along 
the axis of the first, a potential energy 


Psat 
[_ eS 
U=—2g - (S) 
is introduced. Here x; and x2 are the displacements of 
the mean positive charges (of magnitude g) measured 
from the center of mass of each molecule, and R is the 
distance between centers. 

The functions ¥; and y2 satisfy the Schrédinger 


equations 
Ay, 2= Ey, 1,2. 


The problem is to minimize the Hamiltonian 
5C(1,2) = H(1)+H(2)+U (1,2) 


with respect to a linear combination of product func- 
tions, each containing two factors of the forms (3), (4). 
We are thus led to take as trial function 


= Ayi(1)¥i(2) + Byo(1)2(2) 
+Cyi(1)W2(2)+-Dyo(1)yi(2). (6) 


This combination will be written as Av4+Byp+Chc 
+Dyp. 

All diagonal elements of U between a, wz etc. are 
zero. In fact the only non-vanishing elements are 


Usp=Uen= — (2¢°/R®)x12° (7) 
where 


12> fvsebade= = (1—3)! 


in view of Eqs. (3) and (4), and 
{= f mpdx= — f xp dx. (8) 


One then obtains the following results for the matrix 
elements of H: 


SCAA = 2E,, Hea= 2E2, 
Keo=Kpp=Lit £2; Kas=Kep= UV as. 


All others are zero. Furthermore, the functions Ya to 
¥p are orthonormal. Our problem therefore reduces to 
the simple task of solving the determinantal equation 


2E,—-E y 0 0 
y 2E,—E 0 0 
0 0 £,+£,-—E 
0 0 y E,+E:—E 


where we have used the abbreviation 


2 # — 2p? 
an ty = (10) 
R? 1-8 (1—&)R 


=0 (9) 





gz being the dipole moment, u. 
Now the upper block of the determinant (9) gives 
rise to a quadratic equation which has two solutions, 
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E“, each belonging to a certain choice of the constants 
A to D which can be computed by well-known rules. 
With the abbreviations 


y 248 E,— £2 
R=|1+( ) J S= R 
E,— £2 ¥ 


the results become 


E®=2E,+ R(E:— E2); 
BY = (14+S*)-§Lyi(1)y1(2) + So(1)o(2)], 


E® =2E,— R(E\— E:); 
b= (1+S-*)—*Lyi(1)p1(2) —SYro(1) p2(2) J. 


In similar manner, the lower block of the determinant 
(9) yields 


E®=E\+E2t+y; 
b) = 2-41 (1) o(2) +2(1)¥1(2) J, 


E®=£E£,+E2—y; 
b4 = 2-H, (1)y2(2) —Yo(1)1(2) J. 


All but the last of the resulting functions ¢ are sym- 
metric with respect to an exchange of coordinates, 
1, 2; hence 6“ cannot combine with any of the other 
functions and will be ignored hereafter. 

The intensities of possible transitions between the 
remaining states are proportional to the squares of the 
matrix elements of X=x1+42 between the various ®’s. 
We see at once that &“) and ©® are even in X while 
°) is odd. Hence the only transitions permitted by the 
parity rule are between E® and E®, and between E® 
and E®), They correspond to the energy differences 


Ar=E®—E® = (E,—E2)[(1+A2)!+A] (14a) 


(11) 


(12a) 


(12b) 


provided X is written for the perturbation, y, expressed 
as a multiple of the normal energy difference E,— E2. 
Explicitly, 


ly| Qu? 
A= = / (E,— Ex.) (13) 
E,\-—E, (1—&)R° 


Attention is to be called to the fact that y is negative 
and that we have assumed E,>£>. The other dif- 
ference is 


An=E®—E® =(E,— E»)[(1+02)!—)]. 





(14b) 


The matrix elements of X are computed with the 
use of 6, 6® and 6®), which are correctly normalized 
as they are written above. Thus one finds 


2 (S+1)? 9 
f DX G2 'dx| =2 X19" 
S?+-1 


2 (S—1)? 
[ SOXSOdx| =2 


w= 


12” 


x 
S+1 4 
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Except for an irrelevant factor, these are the proba- 
bilities for the transitions denoted by A; and Azz. Their 
sum is 442"; it is independent of the perturbation which 
enters through S. According to Eq. (11), S is a negative 
quantity because y is negative. It is clear, therefore, 
that wzz increases at the expense of wy; as the strength 
of the perturbation grows. This result is of course not 
dependent on the accident of the negative sign in Eq. 
(5); even if this sign were positive it would still be the 
diminished frequency whose intensity increases with 
the perturbation. For that reason, the rotation of the 
molecules which is considered in the next section can 
not alter this essential fact. 

In Fig. 2, the frequencies A; and Arr are plotted as 
functions of \ (see Eq. (13)); Fig. 3 shows the corre- 
sponding intensities. It is seen that the greater fre- 
quency is progressively subdued, becoming insignificant 
for values of \ greater than 2 or 3. The smaller frequency 
Arr grows more intense. An effect of this sort cannot 
be described accurately by available theories of pres- 
sure broadening. If, however, the formula of Van Vleck 
and Weisskopf® is used in representing the pressure- 
broadened line such use will require the resonance 
frequency to shift to smaller values at higher pressures, 
roughly in accord with the lower curve of Fig. 2, since \ 
increases with the pressure of the gas. Also, the presence 
of two frequencies with changing intensities would 
destroy proportionality of line widths with pressure. 








Fic. 2. A; and Ay in units E,—£, plotted against rag. 


5 J. H. Van Vleck and V. Weisskopf, Rev. Mod. Phys. 17, 
227 (1945). 
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Fic. 3. Transition probabilities in units x*, plotted 
against the perturbation A. 


2. PERTURBATIONS IN ROTATING MOLECULES 


When both molecules are allowed to rotate the 
Hamiltonian for the pair takes the form 


H=Hyt+Q (16) 
with 


Ho= H,(1)+H,(2)+4,(1)+H,(2) 
Q=U- f(6,9). (17) 


As to notation, H, is the usual Hamiltonian for a sym- 
metric top in terms of the Euler angles of the molecular 
dipole, 6, g and x. Next, H, is the operator which was 
denoted by H in the preceding section and represents 
the vibrational energy. Finally, Q is the interaction 
energy (limited to its dipole-dipole part); it contains 
the former U and the angular function 


2f=2 cos 6; cos#,.—sin@; sin®, cos(yi— ge). (18) 


We understand here that x; and x2 are the scalar dis- 
tances ordinarily denoted by 7: and re, but they do 
take negative values on inversion. 

The unperturbed state function belonging to Ho is 


Nn (1X2) -B11K1M1(8191X1) * PJ2K2M2(O2gex2). (19) 


The function xm is characteristic of a symmetric 
top, and &n is a combination like (6). In view of what 
we have learned in the preceding section it is advan- 
tageous to take for the various ®y 


,=y(1)Y(2), 
2= (5) 4[Yi(1)y2(2) + 2(1)y¥1(2) J, (20) 
3= 2(1)y2(2) 
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which limits our choice at once to symmetric functions. 
The index N goes from 1 to 3. With respect to (19) 
and (20), Ho is diagonal; in fact 


(NJ1Ki1M1J2K2M)| H)| NJ\KiM,J2K2M2) 
= En+Ekit+ Eso; 


provided En is given the values 2E,, E,+E2, 2E2 (in 
terms of the notation of the previous section) as NV 
takes on the values 1, 2, and 3. Also, Evx is the energy 
of an unperturbed rotating top. 

The perturbation Q is, of course, not diagonal. We 
have 


(NJyKyMJ2K2M2|0|N'J:KiMyJoK M2) 
a (N | U|N’)- (J:K1M J 2K2M,| f| J1.KiMiJ2K2M?’). 
(21) 


The element written here is diagonal in the quantum 
numbers J and K of both molecules. This is the type 
to which consideration may be restricted for all present 
purposes; the energies of states with different J and 
K are sufficiently far away in terms of the inversion 
frequency to have negligible effects. But the degenerate 
states with different space quantum numbers M must 
be retained. The last factor on the right of (21) may 
therefore be simplified by suppressing the appearance 
of all J and K, and writing it (M@1M2| {| M1'M,’). 

Direct calculation of (V|U|N’) on the basis of Eq. 
(5). with the use of the functions (20) yields a simple 
result for the U-matrix: 







0 0 1 
2¢° 
= —— 2X)?" 0 1 O}. (22) 
R 
10 0 


Comparison with Eq. (10) shows that the coefficient 
multiplying the matrix is our former y. 

We now collect results and form the matrix X (of 
Eq. (16)). In doing so it is convenient to introduce a 
matrix which appears in the construction of Ho, namely 


E,+2E, 0 0 
T= 0 E,+£it+ Ep 0 . (23) 
0 0 E,+ 2E2 


Then 
c= TX(MiM,| 1| My’M2')+UX(MiM,| f| MyM’). 


The crosses in this expression are used to indicate 
direct products. 

Our interest is in the eigenvalues of 3, for they are 
the perturbed energies we are seeking. The problem is, 
then, to diagonalize 3, and this is done by diagonalizing 
each of the factors in the direct products. As is well 
known, it is possible to find a transformation that will 
render (M,M2|f|M,’M.’) diagonal and yet leave 
(M,M,|1|M,’M,') a unit matrix. After this trans- 
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formation, 3C will have the form 


T { fav 
T 0 f2U 
{3U 0 














0 oe ct 
in which the f/f; are the diagonal elements of 
(M,M,| f|M1’M2’). The two remaining matrices can of 
course be added to form a single one which consists of 
diagonal blocks, and each diagonal block is a three- 
square matrix of the simple form 7+/,U, where T 
and U are given by Eqs. (23) and (22). 

The problem is now reduced to finding the eigen- 
values of 





E,+2E, 0 fy 
T+fU= 0 E,+£,+ Eet+ fy 0 ° 
fy 0 E,+2E, 





Here it is well to put e=E—(£,+£,)—E,, that is, 
equals the difference between the perturbed energy 
E—which is the eigenvalue of the above matrix—and 
the intermediate of our three unperturbed levels. We 
must then solve 





E,— E.—e 0 Si 
0 fue 0 =0. 
fy 0 —(E£,—E,)—e 





The roots are 


e;) = [(Z:—E2)*+f2y t= (E:— E2) (Rit 1), 


2 saa 


c:® = —[(E,— Ea)*+-f2y'= —(E,—E)(R+1). (24) 


These are in exact agreement with our former results, 
Eqs. (12), provided we define R; (formerly given by 
Eq. (11)) as 


R| +(-) J" 


and ignore £,. Equation (24) represents the eigenvalues 
of 3 associated with the ith block of that matrix. In 
toto, then, there will be as many sets of solutions of the 
form (24) as there are eigenvalues /;, and their number 
is (2J;+1)(2J2+1). Hence, there are altogether 
3(2J:+1)(2J2+1) perturbed levels. 

It is seen that the rotation of the molecules has 
modified the results of Section 1 only in the following 
way. Where previously we had two possible transitions, 
one diminished and one enlarged in frequency, we now 
have (2J:+1)(2J2+1) diminished, and an equal num- 
ber of enlarged, transitions. Each of these obeys a 
formula like (14a), (14b), but the perturbation \ is 
multiplied by a factor f; And similarly, the transition 
probabilities can be computed from Eqs. (15) with sub- 
stitution of f,A for d in S. 
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As to the f;, one may see from the definition of f in 
Eq. (18) that their absolute values cannot be greater 
than 1. In consequence, the average distortion of the 
levels will be somewhat smaller than was computed in 
Section 1, and the effect under consideration will be 
spread over a considerable frequency range. The values 
of the f; can be found only by solving a complicated 
set of secular equations, no short-cuts being available. 
The elements (M1M2| f|M1'M2’) are known,® and the 
mean square of the f; has been calculated.* Their 
arithmetic mean is zero. Typical distributions are also 
given in the paper cited. But it is hardly worth while to 
pursue these details further since the model of inter- 
acting pairs here treated can not explain the quanti- 
tative features of the pressure-broadening problem in 
any case. 

A glance at Eqs. (24) shows that the distortion of the 
levels e® and e® is quadratic in the perturbation f:y 
(or fA) for small interactions, but the distortion of the 
intermediate levels ¢®) is linear. For f,A<1; therefore, 
the upper and lower levels may be regarded as fixed 
while the middle one is displaced. The two inversion 
frequencies are then changed by +/jy. This is precisely 
the effect discussed in a recent publication on the self- 
broadening of the doublet lines at small pressures.’ 
One minor modification resulting from the calculation 
of this paper is occasioned by the appearance of & in 
the formula for y (Eq. (10)). But for plausible models 
of the ammonia molecule 6<1 (see Eq. (1)), and & 
may be neglected. 


3. THREE MOLECULES 


As further illustration of the level distortion we treat 
briefly the problem of three interacting molecules, ex- 
cluding rotation. Here again, the conclusions stated 
at the end of Section 1 will be forced upon us, though 
in a slightly more elaborate form. To obtain simple 
answers the arrangement of the three dipoles is assumed 
to be one of maximum symmetry: each is placed at 
one corner of an equilateral triangle of side length R, 
and it extends parallel to the opposite face. This ar- 
rangement insures that the Hamiltonian of the problem 
is symmetric in the x-coordinates of all vibrators and 
causes the states of the system to have clean symmetries 
in these variables. The potential energy of this arrange- 
ment is 


= — (5/4)(g2/R®) (arvet+x1xs+x2%3). 


Restricting our consideration at once to symmetric 
functions, we select the variation functions (un- 
normalized) 


Ya=Vi(lyi(2)yi3)=111, Es=3E, 


¥e= 112+121+211, Es=2Ei+ E2 
¥e= 122+212+ 221, Ec=Ei+2E2 
Yo= 222 Ep=3E2. 


6H. Margenau and D. T. Warren, Phys. Rev. 51, 748 (1937). 
The present f is the quantity there denoted by V, times R*/2y*. 
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are also given in the list above. Between these functions, 
the matrix (U) has the form 


oo a G6 
_10 6 0 3s 
(U)= 32 O 62 O 
i 2 a . 


where z is the analog of our former y: 


—-5 
4(1—8) R® 





This is to be compared with Eq. (10). The determinantal 
equation reads 


3E,—-E 0 32 0 
0 2E,+E,+22—E 0 oo 
: 0 Ect thctienk. 4 1°” 
0 32 0 3E—E| (25) 


In constructing it, one must remember that the factor 
(B|1|B), which multiplies EZ, is 3; it has been divided 
out in the determinant above. 

The four roots E“® of Eq. (25), together with the 
normalized functions belonging to them are as follows: 


EM= 3E\+1(£1— £2) 


nv? \~3 m 
so-(14+7) [Yt vel 
3X 3r 


E®*= 3E2+12(Li— E2) 


ne \— Tf ne 
f° = (+=) Fraga 
3X? 3X 




























Fic. 4. Frequencies of transitions, in units E,— E2, 
as functions of \ (Eq. (26)). 
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The zero-order energies corresponding to the functions 





E®= 3E1+73(£i— £2) 


nv \— 13 
$= (14) [yt ve} 
3X? 3X 


E®= 3Eot+ns(Ei = E2) 


ne? \— Tf 1 
$0 = (4= —vet¥ |. 
3X? 3X 
where the parameters are: 


\=2/(Ei— E2) 
m=[(1—A)?+3d7 ]}#— (1—A) 
no=[(1-+A)?+3n? H+ (1+) 
na= —[(1—A)?+-3d7 ]}#— (1—A) 
m= —[(1+A)?+3d7]}#+- (1+). 

Finally, we need the matrix elements of X=21+22 


+x; between the states 6” to ®“ and the corre- 
sponding energy differences. The results are as follows: 








(Ami t+Ane+ $n)? e 
1" = #, Aie=(3+m—72)(Ei— £2), 
(A?-+- $1”) (A2+- 302”) 
(Ami+Ane+3nins)” 7 
XWv= #, Auw=(3+m—m)(£i— £2), 
(A2+- 317) (A2-+ 302’) 


(Ano+Ans+ 302s)” - 
| ie av, 
(A+ 302”) (A?+- 303") 
q Ao3= (—3+12—73)(Li1— Ep), 
(Ans +Anat 3am)” 2 
saat (X22?) (A244 eg Se, 
373 374 


Subscripts in this table refer to the functions 6“ listed 
above and elements not written are zero. Inspection 
shows that all A’s except Ay, have the value Ei— E, for 
vanishing perturbation A, A, being 3 times as large. 
But it will also be noticed that x,’ is zero for A=0 and 
gains strength only under large perturbations. 

Figure 4 shows the behavior of the three significant 
frequencies as the perturbation increases.’ Two of the 
frequencies now increase while only one diminishes with 
growing \. Figure 5, however, adds the important in- 
formation that both increasing frequencies rapidly 
lose their intensities; indeed at A=1, i.e., when the 
perturbation is equal to the inversion energy, only 15 
percent of the total absorption intensity resides within 
the more energetic transitions. This agrees numerically 
with our result for the interaction of two molecules, 
as an examination of Fig. 3 will reveal. But the condi- 
tion \=1 implies a smaller intermolecular distance for 
3 molecules than for two. Finally, we note on inspecting 
Fig. 4 that the dominant frequency contracts more 








x14 plotted in Fig. 5. This transition probability is so small that 
it would barely appear on the scale here chosen. For practical 
purposes it may be ignored. 






7 The anomalous frequency Ay, is not shown in Fig. 4, nor is 
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rapidly with increasing \ in the case of 3 molecules 
than in the case of two. 

On surveying these results the simple model of Sec- 
tion 2 is seen to suffer from two principal faults whose 
corrections tend in a sense to annul each other. Rota- 
tion of the molecules spreads the frequencies, but re- 
duces their distortions; multiple interactions at the 
same mean distance R increase the distortion, as the 
present calculation for three molecules indicates. For 
rough comparison with experiments one is therefore 
disposed to look with some favor upon the simple re- 
sults of Section 2. 


4. COMPARISON WITH EXPERIMENTS 


The bearing upon available experimental data of the 
schematic theory here presented is semiquantitative at 
best. Theory does show quite definitely, however, that 
the frequency of the “ammonia clock” is strongly pres- 
sure dependent when the dipole perturbations between 
the molecules are comparable with the inversion energy. 
For small pressures, an estimate of the frequency change 
can be made in the following way. 

Taking the results of Section 2 as typical, we easily 
find the mean frequency, 7, of the absorption line 
(hy=wyA;+wyrAr1) to be v(1—d?) for <1. The 
choice of the intensity-weighted mean as representative 
of the resonance frequency is indeed arbitrary; it 
seems to the author for various reasons to be a reason- 
able measure at very low pressures. Now 


Qu? 2u?n 


A= ~ 
(Z,—E2)R® E\—E, 





if m is the number of molecules per cc. Remembering 
that E,—E2~0.8 cm and w=1.44X10-® e.s.u. one 
finds (for a temperature of 0°C) 


~0.6p 


where p is the pressure of the ammonia vapor in atmos- 
pheres. Hence the formula 


i= vo(1—0.36p%) 


should give the resonance frequency at small pressures. 
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Fic. 5. Transition probabilities in units x~*, plotted against X. 


The dominant frequency, computed in the same way, 
follows the relation 


VII= vo(1 —_ 0.6) 


at very low pressures. 

At one atmosphere, then, \~0.6. Figure 3 yields for 
this perturbation a dominant frequency of 0.44 cm™ 
whereas the experimental data,? interpreted with the 
use of impact theory,® require about 0.5 cm. Up to 
this pressure, then, agreement is excellent. 

At still higher pressures the agreement becomes poor. 
For instance, the resonance frequency computed by 
Bleaney and Laubser from experimental data drops 
practically to zero at a pressure of two atmospheres 
(which is of course embarrassing to the premises on 
which it was computed), whereas the smaller Ay; in 
Fig. 2 is down only to 0.29 cm~. One may take this 
as evidence that at higher pressures the multiple inter- 
actions which, as we have seen, accentuate the fre- 
quency reduction, become progressively important. 
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Angular Distribution of 10.8 Mev Deuterons Scattered by Deuterons* 


J. C. ALLRED, K. W. Erickson, J. L. Fowier, anp E. J. STOVALL, Jr. 
Los Alamos Scientific Laboratory, Los Alamos, New Mexico 


(Received July 21, 1949) 


Cross sections for the elastic scattering of deuterons by deuterons have been measured for incident energy 
of 10.8 Mev at laboratory angles from 17.5 degrees to 57 degrees at 2.5 degree intervals. The deuteron beam 
from the Los Alamos cyclotron was focused on a thin gas target containing deuterium, and the scattered 
deuterons were detected in a proportional counter. A selsyn-controlled foil shutter mounted in front of the 
counter prevented He’, and H® at angles greater than 40 degrees, from entering the counter. H', and H’ at the 
smaller angles, were discriminated against by using a ten-channel pulse amplitude analyzer. Typical values 
of the elastic scattering cross section at 10.8 Mev, in barns per unit solid angle, are given in the table for 
several angles in the center of mass system. The experimental curve is symmetrical about 90 degrees in the 


center of mass system. 
0 35° 40° 50° 
o 0.283 0.235 0.158 


60° 70° 80° 90° 


0.127 0.109 0.099 0.094 





I. D-D SCATTERING 


HILE the deuteron-deuteron scattering inter- 
action is much more complicated than a two- 
particle interaction, few enough nucleons are involved 
to make data pertaining to this reaction of value to the 
development of a nuclear force theory. This is made 
especially true by the recent advances in modern 
computing methods. 

The differential d—d scattering cross section is fairly 
well known for bombarding energies below 3.5 Mev,!? 
and relative values have been obtained at 7 Mev.* The 
results of the measurements given here have been given 
in an abstract at the Seattle Meeting of the American 
Physical Society.‘ 


II. EXPERIMENT AND RESULTS 


The present scattering study was carried out with the 
10 Mev deuteron beam from the Los Alamos cyclotron 
focused into a reaction chamber about 15 feet away 
from the cyclotron. A proportional counter, mounted 
so as to rotate to any angle in the horizontal plane, 
detected the particles produced in a thin gas target 
mounted in the center of the reaction chamber. The 
general instrumentation has been discussed in a previous 
report.® For this experiment, however, the gas target 
has been redesigned so that it is 73 inches long with a 
#s-inchX 34-inch Nylon window in each side of the 
target, through which reaction particles were counted 
from 17.5 degrees to 57.5 degrees to the direction of the 
beam in the laboratory system. Besides having the 
beam collimated to +0.6 degree by slits and anti- 


* This document is based on work performed at Los Alamos 
Scientifi¢ Laboratory of the University of California under 
Government Contract W-7405-eng-36. - 

a 939) P. Heydenburg and R. B. Roberts, Phys. Rev. 56, 1092 

2W. Sleator, Jr. and J. H. Williams, Phys. Rev. 74, 1594 (1948). 

3 Guggenheimer, Heitler, and Powell, Proc. Roy. Soc. A 190, 
196 (1947). 
aoa Allred, Erickson, and Fowler, Phys. Rev. 76, 589 
5 Curtis, Fowler, and Rosen, Rev. Sci. Inst. 20, 388 (1949). 


scattering diaphragms as it enters the ;%;-inch diameter 
2.5-mil Nylon entrance window of the gas target, there 
was included inside the target 134 inches behind this 
Nylon window an anti-scattering diaphragm to remove 
the deuterons scattered by the front window. A more 
detailed discussion of this target is soon to be published.® 
On the support of the proportional counter® there was 
mounted a vertical slit adjustable to either 7g-inch or 
#-inch width to define the beam of scattered deuterons 
which are detected by the counter. The reaction volume 
was defined by this slit and the j-inch diameter hole 
immediately in front of the proportional counter. Anti- 
scattering diaphragms between the slits and counter 
aperture removed deuterons scattered from the slit 
support. The beam current was measured with a 
Faraday cage. The accuracy of this measurement has 
been previously checked.’ Immediately in front of the 
proportional counter was mounted a selsyn controlled 
foil shutter with which 100 combinations of absorbers 
could be selected. 

Before and after the experiment, the position of the 
beam relative to the counter window was determined by 
scanning the beam with the counter used as an ioniza- 
tion chamber. The position of the beam had remained 
constant to 0.1 degree. 

The procedure for taking the data was essentially the 
same as that described in a previous report.’ For scat- 
tered deuterons the absorber foils in front of the counter 
were adjusted with consideration for the range of triton 
groups which are produced by the D(d,p)H® reaction. 
At angles beyond 40 degrees, the triton group was 
generally excluded by the absorber foils; near 20 
degrees, however, where the range of tritons approaches 
the range of scattered deuterons, the foils were adjusted 
so that the tritons’ range ended just beyond the counter. 
The pressure of the counter was such that the air 
equivalent of the path of particles in the counter was 
about 10 cm. The amplified pulses from the counter 


6K. W. Erickson, Rev. Sci. Inst. (to be published). 
7 Erickson, Fowler, and Stovall, Phys. Rev. 76, 1141 (1949). 
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DEUTERONS SCATTERED BY DEUTERONS 


were analyzed by means of a ten channel amplitude 
discriminator. Figure 1 gives a sample deuteron peak 
obtained. The abscissa gives the amplified pulse height. 
The ordinate gives the number of pulses per two-volt 
interval having the magnitude given as the abscissa. 
Since the tritons were near the end of their range when 
they entered the counter, the energy lost by them in 
the counter is higher than that due to the scattered 
deuterons. Therefore, the peak from the triton group 
lies above that of the deuteron group. From the known 
thickness of absorbers in front of the counter, and from 
the range energy curve of deuterons and tritons, one 
calculates the expected position of the triton peak 
relative to the deuteron peak. For almost all of the 
curves obtained the calculated position and the ob- 
served position agreed well. In a few cases, however, 
where the triton group ended part of the way through 
the counter, uncertainties in the thickness of absorbers 
used caused large variations in the ionization due to the 
triton peak. In such cases where the triton peak was 
not resolved, the triton pulses were counted in with the 
deuteron peaks and the resulting data was later cor- 
rected for the triton contribution, by use of the measured 
D(d,p)H! cross section. 

The curve indicated by the crosses was obtained by 
adjusting the absorbers to stop the deuterons before 
they entered the counter. This gives the counter back- 
ground. Since the absorbers were adjusted by remote 
control while the cyclotron beam was held constant, 
and since the background run was taken immediately 
after the peak run, the shift in background dye to 
changing beam conditions was minimized. For the 
conditions used in this experiment, the background 
under the peak was, on the average, 8.3 percent of the 
peak counts. A number of checks were tried to test the 
validity of the background corrections. For pairs of 
runs at certain angles, the pressure of deuterium gas in 
the target was changed by as much as a factor of two. 
Although the background relative to peak varied by a 
factor of two, the cross section obtained from the data 
was the same to within the reproducibility of the 
measurements (the order of 2.5 percent). In another 
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Fic. 1. Distribution of 
pulses from pegertonss 
counter due to deuterons 
scattered at 32.5 degrees. 
The crosses represent the 
background obtained by 
stopping the deuterons be- 
fore they reach the counter. 
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FOR 3.5 MEV DEUTERONS 





(1) SCATTERING CROSS SECTION IN IO” 
FOR 108 MEV DEUTERONS 
(I) SCATTERING CROSS SECTION 


ANGLE IN CENTER OF MASS SYSTEM 


Fic. 2. Differential cross section for deuteron scattering in 
the center of mass system. 


test, runs were made at certain angles in which the 
thickness of absorber in the path of the scattered 
deuterons was decreased from 27-cm air equivalent to 
17-cm air equivalent. Under these conditions the 
number of counts in the peak remained constant to 
about two percent. 

Immediately after each run, the energy of the deu- 
teron beam was determined by magnetic deflection.5 
During the course of the experiment the beam energy 
varied by +2.8 percent, but all the data was corrected 
to the average energy. For this correction, the rate of 
change of cross section with energy was estimated from 
interpolation between data from low energy’ and the 
present data. Since the maximum correction for energy 
was only 2.5 percent, this procedure introduced a 
negligible error. 

Figure 2 is a plot of the differential cross section in 
the center of mass system as a function of center of 
mass angle. The root mean square deviation of the 
points from the smooth curve is +2.5 percent. This is 
about the spread expected from the consideration of the 
statistical error, the variation of the beam position, the 
random error in current determination, and uncertainty 
in measuring the background. Systematic errors, such 
as errors in aligning the slits, measuring distances, and 
absolute current measurements, amount to 2.5 percent. 
Combining this error with the random error of the 
points, we estimate the curve in Fig. 2 is good to +3.5 
percent. 

The curve through the points is accurately sym- 
metrical about 90 degrees, which is a further check of 
consistency of the data. The points designated by solid 
circles were obtained by opening the first defining slit 
for the scattered deuterons from ;;-inch to }-inch wide. 
The fact that the points so obtained lie on the smooth 
curve through the previous points is a check on the 
reliability of the slit measurements. The latter points 
also indicate that a decrease of the angular resolution 
of the counter system by 33 percent has no observable 
effect on the data even in the steep region of the curve. 

















III. CONCLUSIONS 


The preliminary results from photographic plate de- 
tection at 40 degrees, 60 degrees, and 80 degrees using a 
10 Mev beam! agree with the 10.8 Mev data within the 
limits of error. Over the angular region of the measure- 
ments the scattering is almost entirely nuclear. Calcu- 
lated coulomb scattering at 35 degrees amounts to 4.7 


8 Rosen, Tallmadge, and Williams, Phys. Rev. 75, 1632 (1949). 
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percent of the total differential scattering cross section 
for 10.8 Mev. For comparison the d-d scattering at 3.5 
Mev is included in Fig. 2.? The differential cross section 
is somewhat lower for the higher energy data; at 90 
degrees the ratio of the cross section at 10.8 Mev to that 
at 3.5 Mev is 0.523. For 10.8 Mev scattering the cross 
section remains more nearly constant over a wider 
angular region near 90 degrees than for 3.5 Mev scat- 
tering. 
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Besides the doubts concerning the actual meson theories, and the use of a perturbation method for the 


study of strongly coupled fields, doubts have been raised as to the validity of some approximations usually 
made in the computation of the cross section for meson production by nucleon-nucleon collision. This cross 
section is computed here in a relativistically invariant manner for the pseudoscalar meson (pseudoscalar 
coupling) with the charged and the charge symmetrical theory. The results are valid for all energies of the 
incoming particle. The energy distribution and the total cross section derived from the invariant statistical 
factors are given as a point of comparison. Some computational tools are presented: a projection and a 
permutation operator and a method for the calculation of the density of states. In the Appendix two dif- 
ferent ways of considering the meson production (mesonic analog to the bremsstrahlung or third-order 


process) are discussed. 





HE problem of the production of mesons has 
interest for the origin of mesons in cosmic ray’ 
and for the artificial production of mesons. Many 
papers have been published on the production of mesons 
by collision between nucleons.'~® In the actual state 


* Chargée de recherches au Centre National de la Recherche 
Scientifique, Paris (now on leave of absence). 

1L. W. Nordheim and G. Nordheim, Phys. Rev. 54, 254 (1938). 
E. Strick, Phys. Rev. 76, 190 (1949). (Scalar mesons—Born 
approximation.) 

2H. S. W. Massey and H. C. Corben, Proc. Camb. Phil. Soc. 
35, 84 (1939). (Vector mesons. Born approximation—non-rela- 
tivistic approximation. Mesonic analog to bremsstrahlung, see 
Appendix.) 

3 W. Heitler and H. W. Peng, Proc. Roy. Irish. Acad. 49 A 101 
(1943). W. Heitler, Proc. Roy. Irish Acad. 50 A 155 (1945). 
(M@ller and Rosenfeld mixture—Weizsicker-Williams method— 
damping theory—extreme relativistic approximation.) 

4 Cécile Morette, Thése de Doctorat, Paris (1947). (Mgller and 
Rosenfeld mixture—damping theory—non-relativistic approxi- 
mation—mesonic analog to the bremsstrahlung, see Appendix.) 

5 Cécile Morette and H. W. Peng, Nature 160, 59 (1947) and 
Proc. Roy. Irish Acad. 51A 217 (1948). (M¢ller and Rosenfeld 
mixture — damping theory — non-relativistic approximation — 
third-order process, see Appendix.) 

6W. G. McMillan and E. Teller, Phys. Rev. 72, 1 (1947). 
(Influence of the binding of the nucleons in a nucleus and cor- 
rections due to the electromagnetic interactions.) 

™W. Horning and R. Weinstein, Phys. Rev. 72, 251 (1947). 
(Scalar mesons. Born approximation—third-order process, see 
Appendix.) q 

§ Lewis, Oppenheimer and Wouthuysen, Phys. Rev. 73, 127 
(1948). (Multiple meson production.) 

*L. L. Foldy and R. E. Marshak, Phys. Rev. 75, 1493 (1949). 
(Pseudoscalar mesons—pseudovector coupling. Born approxima- 
tion non-relativistic region, mesonic analog to the bremsstrahlung, 








of the theory, there exists no satisfactory method to 
compute the cross sections for the production of mesons: 

(1) The equation of propagation of the meson field 
and the form of the interaction between the nucleon 
field and the meson field are not known. 

(2) The perturbation method is not adapted to the 
study of strongly coupled fields. Attempts to circum- 
vent the inadequacy of the perturbation method for 
problems involving mesons have not yielded entirely 
reliable methods. In the absence of an invariant rela- 
tivistic method which gives the solution to radiative 
scattering problems without making an expansion in 
terms of powers of the coupling constant, the study of 
the multiplicity of the mesons produced in each collision 
is not really possible. 

Besides these basic difficulties, illegitimate approxi- 
mations have often been made in the course of the 
calculations. Taking advantage of the new computa- 
tional techniques, the cross section for the production 
of a meson is computed here in a relativistically in- 
variant manner. Hence, the result shares the large 
uncertainty of the present meson theories and of the 
use of the perturbation method, but it is not impaired 
by undue and unnecessary approximations. 

We compute here the cross section for the production 
of a pseudoscalar meson with pseudoscalar coupling 


see Appendix.) The lists in references 1-9 are not exhaustive, and 
the notes between brackets are only very rough indications. 
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between the meson field and the nucleon field. The 
transitions from a state where two nucleons are present 
to a state where two nucleons and one meson are present 
can be represented by the following diagrams (Fig. 1). 
A full line is the world line of a nucleon; a dotted line 
is the world line of a meson. The q’s and the k’s and 
their combinations are the four-wave vectors of the 
wave function of the corresponding particle. 

According to Dyson’® and Feynman," the collision 
operator O, which transforms the wave function of the 
system in the initial state ¥(— ©) to the wave function 
of the system in the final state ¥(), is obtained by the 
following prescription : 

Replace each intermediate (or virtual) nucleon and 
meson line by the inverse of the operator of its equation 
of motion. Replace each vertex by the Hamiltonian of 
interaction. The cross section is given by the following 
relation: 


o=|0|?1/[¢ (initial state) ]p (final states), (1) 


where ¢ is the flux of the particles in the incident beam, 
and p is the density of the final states. 

Natural units will be chosen so that h=>c=1 and the 
following notation” will be used: 


V(— © )= WV (po',po’), 
V(+ ©)=V(p',p’,2). 


Hence 
go= pol or po, «J 0= Po” OF fo’, 
q=f' or p’, q =?" or p'. 


po! is a four vector whose components are Eo!=(| po'|? 
+M?’)! and p,!. & is a four vector whose components 
are e=(|f|?+2)! and f. The functions ¢g and p in a 
covariant representation” are 


9(po',po”) = (3 (po! X po”) - (bo! X po’))! (2) 
* We 2M 2rd (p')?— M?] 
(2ar)* (2mr)* (2xr)4 
X 2M 2rd[ (p?)?— M? ]2rd[ k?— py? | 
X (21)*5(po'+ po’— p'— p?—k). (3) 
The equations of motion of the field operators are: 
meson field (_ P—y?)o=0, 
nucleon field (iV—M)y=0, 





p(p',p,k) = 


10 F, J. Dyson, Phys. Rev. 75, 486 (1949). 

1 R, P. Feynman, Phys. Rev. 76, 769 (1949). We are indebted 
to Professor Feynman for his most illuminating lectures. 

12 Here is summarized the meaning of the various printings of 
the vectors: p (italics) is a four vector, p (boldface) is a matrix, 
p (German type) is a three-vector (momentum); so that p?= E?—p? 
(German type). The lower indices refer to the components of the 
vector; the upper indices refer to the particles. The primes indicate 
that the quantity is considered in the laboratory system. 

13 C, M@ller, Det. Kgl. Danske Vid. Sels. Math.-Fys. Medd., 
Bind XXIII, Nr. 1 (1945). 


0 
v= 2, Ter Ke Do YuPu» k= DL yukus 
» Oxy B rm 


3 
a,b,.= agb4— >> ajbi= a: b, 
i=1 


v1=B=ps, 
Vi=Baji=pisi, 
where 8, p1, ps, ai, and oj; are the usual Dirac matrices. 
y=0", 


where y* means the complex conjugate transposed of 
y and y the adjoint of y. The Hamiltonian of pseudo- 
scalar interaction between the nucleon field and the 
pseudoscalar meson field is 


H= ifystabde. 
The expression which is to be associated with each 
vertex of the diagram is simply ifysrc. 

Y5=V17V27374; 


f is the coupling constant, and 7, are the charge opera- 
tors. We shall use the charge operators in the repre- 
sentation best suited when one is interested in the 
charge of the particles. 

This representation, in which the charge density is 
diagonal, is determined by the condition 


TYN=const. yx. 
The index 9t stands for neutron or proton. 
Te= Aerts, 


where the 7’s printed in boldface are the Pauli matrices 
and A is 





2 3 
—1 

— 0 
v2 

i 

— 0 
v2 

0 1 








Fic. 1. Diagrams representing meson production 
by nuclear collision. 
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c=-+ or — in the charged theory, and c=+, —, or 0 in 
the charged symmetrical theory. By convention 74.=7_* 
will be the operator for the emission of a positive meson. 
The following relations will be used throughout the 


calculation 


Te! "Tet ToTo’™ = 28ce’ 


(x 12292 re 4 rg( rerr) =2r., (4) 
c c 


The upper index refers to one or the other particle. 
With this notation the operator 0 is: 





= — if Y(go)yste'*¥(q) ¥Y (qo’) 


(go—9)?— bi 


1 1 
x V8 0 ote IT f 
(qo —k)—M 


(q’+k)—M 
Xv¥(q')o(k). (5) 


The following simplification can be made in Eq. (5): 





Y5Te’ 


(q’+k)?—M 
+k 
(qo’—k)?—M? | 





1 
Ye———_19(7’) = wv (q’), 


q’+k—M 





1 
7. / ere ‘\ 
¥(qo aa a ¥(90') 
Before we complete the calculation of the cross section, 
we shall set up some computational tools to simplify 
the calculation. We shall set them up in a general form 
so that they can be used for other calculations. In the 
paragraph called density of states we give the angular 
relations and the energy relations of these particles 
whose total energy and momentum is conserved. 


Sa 





adical axe 


Fic. 2. This drawing is only an analog to the real configuration. 
The hyperquadrics S; and S: have been replaced by circles. 
OP=p', OD=D, OE is in the energy direction. Emin < cha: < Emax. 
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A. DENSITY OF STATES 


The integration over the density of the final states 
is an integration of the following type: 


Jf FQe.2.0 PoP) (6) 


A convenient way to proceed is the following: 

(i) integration of one of the four-vectors (p? for in- 
stance) with the help of 5(po'+ po?— p'— p?— ). 

(ii) integration of p' say. The two 6-functions 
dL (p')?— M?] and 4[ (po!+ po?— p'— k)?— M? ] shows that 
p' is to be integrated on the intersection of the two 
surfaces. 

Si: (p")?—- (M'?=0, 
Se (po'+- po?— p'— k)?— (M?)?=0. (7) 
For greater generality we have set the masses of the 


two nucleons different. The radical plane of S; and S» 
is at a distance 





(M?!)?— (M?)? ) 


D=H(p0'-+por—k (4 
5 (po'+ po?— k) ‘pot pe Bl? 


from the origin of the vector p’. 
Hence, p! is to be integrated on S; with the condition 


" (po'+ po?— k) =D 
| po'+ po?— | 


(see Fig. 2). This condition can also be derived im- 
mediately analytically from (7). S; and Sg» intersect 
each other only if D? 2 (M')?. 

(iii) Integration of k. The condition (8) fixes the 
limit of integration of k on the surface k?—y?=0. 

Let us fix a system of coordinates. Let us set 


(8) 





€9= uché; 

k,=ysh0, cos@2 

ko= ushé; sin6s cos@s 
k3;= ushd,; sin®, sin83. 


The volume element is then: 
5(k?—y?)dk=p?sh?0,d0, sinO2d62d 63. 


Similarly, ' and #* will be expressed in terms of M’, 
@1, @2, a3 and M?, fi, Be, 83, respectively. 
The scalar product of two vectors is: 


k- p'=yM[+ ché;cha,—sh; cosa2sha; cosa2 
—shé; sin6.sha, sina cos(@3;— as) ]. 


Let us now fix a frame of reference: We choose the 
center of gravity system so that o!+ po? has only a 
component along the energy direction. We choose f 
as the polar axis in the »' space. We shall now express 
the condition (7) for the integration of p' and determine 
the limits of integration of p' and k. Let us call ¢ the 
angle between p' and po'+po?—k and & the angle be- 
tween po'+ po? and po'+po?—k. The condition (7) can 














be expressed by the following equation: 
cha,ché—cosasha;sh¢=cosh¢. (10) 


It is convenient to consider az as fixed and to introduce 
the condition (10) into (6) through the following 
6-function. 


5(cosasha,shé— cha,ché+ coshf). (11) 
a, varies then between the following limits 


§—£ Sai LE+$. 


1 ywM! rere af 
p(p',p?,k) = | dché; f d cos@, 
4M'M? (2n)5 * 


o ch(E+4) P 
> 4 f das f dcha; f d cosa25(cosa,— A) 
0 ch(§—$) 6 . 


x f das. (12) 


Hence, 








A is given by Eq. (10) and ch® is given by Eq. (9). 
Translated into energy terms the density of states is: 


1 €max 
ae b= af def d cf dé; 


El nax(©) 
x f dE, 


wimin (€) 





f d.coneudiconse—A) f “das, (13) 
T 0 


1 
= —[4(Eo)*+-y?— (M!+M2)*], 
= )?+y?— (M!+M?)?] (14) 





Eo= E'=E;? 
2Eomin= 
E'nac(€) = (2E— €)B 


+(( i | Bt (M?)? ]) 
“ 4(Eo)?—4Epe+ 2d] ’ 


| (M?)?— (M?)? 

B=-1+ 

2 4(Eo)?—4Epe+ yp? 

7 B[4(Eo)?—4Ece+y2 ]|— E!(2Eo— €) 
M?},[ (E!)?— (M?)?] e—p?]! ; 


The integration over the — of states yields: 


1 
Pe 2k — 
ps f p(p',p?,k) = On, 


ut+ M!+M?. (15) 





with 














(« — 


4Eo(€max—€)+4M'M? \? 
x ) de. (16) 
[4Eo(¢max— €)+(M'+ M?)? P 





The energy distribution of the nucleon of mass M! 
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(or M?) after the collision is obtained by interchanging 
u with M! (or M?) in the formulas (16) and (14). The 
dummy variable ¢ and the upper limit of integration 
€max WOuld then be called E! and E!nax (or E? and 
FAuu)- 

The maximum of the energy distribution is shifted 
towards E) for increasing values of Eo. The shift is more 
rapid for a light particle than for a heavy particle. 
The asymptotic values of (1/4M!M?) fp(p!,p?,k) are 


4 /2EquM!M?2\ ? 7 tmx 
( )f [ (€—) (€max— €) ]4de 

















(23)* \ (M!+M?)? 

Eo— Eomin \? 

= foster} ) 

(2m)? ut+M!+ M? 
M!+M? 
9 in E for Eo— Eomin< 2 
J ede= ; 
(24)? J, (2x)* M!+ M? 


or Ey> 


We shall now convert from the rest system to the 
laboratory system. 

Set M, Eo’)o’ the mass, the energy, and the momen- 
tum of the incoming nucleon; the other nucleon is at 
rest. The angle between the meson emitted and the 
incoming nucleon is such that: 


Eo?’ — M?)— (e’—y?)! 
iu th i <cos(Po',f’) <1 
(Eo? — M?)#(e”—?)! 








M2 


(” Ips 
for (e’—u —_—-—— 
2 4(E,?’—M?)! 


1 | W M M? 
—1<cos "<1. for (e’—p*)? << —__—_—__—_. 
w 2 4(Ey”—M?)! 


The angle between one of the nucleons after the colli- 
sion and the incoming nucleon is: 
Ey)’ —E” 
Ey E”’ 


The asymptotic values of (1/4M!M?)/p(p", p”, k’) 
are 





1—M <cosPo’: Pa’ <1 for E*’>M. 





The density of states of four particles (or more) can be 





Cut M'+ M?)uM!M?] ( Ey’— E’omin ) 
(2mr)216 yu-+M!+M? 
for 2u< Ey’— 
1 Ey’M 
for Eo’>M. 


MXM 


2 (2x) 
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TABLE I. 











Charged theory 
Symmetrical theory 








studied in the same way. In Eq. (7) and following & is 
then replaced by k!+ ’. 

It seems convenient to compare both experimental 
results and the influence of the various couplings to 
these invariant statistical factors. 


B. PERMUTATION OPERATOR 


The number of terms in Eq. (4) can be reduced in 
the following way: The operation of the emission and 
absorption operators y and y of the nucleon field on 
the wave function of the system in the initial and in 
the final state is equivalent to the anti-symmetrization 
of the nucleon wave function in the configuration space. 

Let us set @ a permutation operator which permutes 
simultaneously the spin, the charge, and the momentum 
of the nucleons. The anti-symmetrical wave function y 
of two nucleons can be expressed in terms of the product 
of the wave function of each nucleon in the following 
manner: 


1—@ 
Wap (po', po?) = a (po! Wal po). 


The square of a matrix element symmetrical in. the 
nticleons 1 and 2 is equal to 


|Vas(p',p?)Avys(po! po?) |? 
=(1— ©) |Wa(p')a(p?) Avy (po!)Wa( po?) |?. 


Hence, in Eq. (4) we can simultaneously give an 
identity to the nucleons and multiply the whole ex- 
pression by (1—@). This procedure simplifies the 
writing of the cross section. It reduces the number of 
terms by a factor 4 for transitions involving the same 
number of particles in the initial and in the final state; 
it reduces the number of terms by a factor 2 for transi- 
tions involving a different number of particles in the 
initial and in the final states. In the actual case for in- 
stance, once a name has been given to the nucleons, two 
diagrams must be added which describe the emission 
of the meson by the other nucleon. 

Moreover, this procedure separates the terms in the 
cross section into two groups. The terms which are 
not proportional to @, are obtained when the Pauli 
exchange principle is neglected. The other terms are 
the contribution of the Pauli exchange forces. In some 
cases these terms can be neglected. In the actual case, 
these terms are small because the wave-length of the 
nucleon is small as compared to the range of the nuclear 
forces. (uc/Mv<1, v is the velocity of the nucleon.) 

The operator which permutes the charge of the nu- 
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cleons can be expressed algebraically by the expression: 


3 
14D 4,0-4,2 14 7.7, 
c 


v= 


2 2 





The covariant algebraic form of the operator which 
permutes the spin of the nucleons is derived as follows: 

A four component Dirac wave function can be ex- 
pressed as a wave function with two two-valued indices. 


Yar(1 Par(2) =Porps(1)por2(2). 


The indices p's! and p’o? can be permuted simultane- 
ously by the operator. 


3 3 
14D 65-6] |1+-D pip: 
i i=] 


i=l 





2 2 
1 


5 dy—1 
-;| wes 14g On sr . 
4 p=1 2 


One checks that 
Ty,” == Vu ar. 


For the case of Einstein Bose particles, 1—T is re- 
placed by 1+ T. 


C. PROJECTION OPERATOR 


The covariant operator A(p)=(p+M)/2M operating 
on yaV(p) is such that 


Wa(p) if a designates a state whose en- 
ergy has the same sign as the 
fourth component of p. 

0 otherwise 


A(p)yiha(p) = 


(A)*=A. 


Brave PCE) 
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Fic. 3. Statistical energy distribution of the meson 
emitted (in the rest system). 
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A(p) is a “‘self-selecting” operator: it selects the energy 
states of the same sign as the fourth component of . 
Consequently : 


X | ¥(po) Av (p) |?= SpurA.A(po)AA(9) 
A=y,A*y:. 

The sum is performed over those energy states which 

have the same sign as the fourth component of po and . 

We notice that we can include the incoming and the 

outgoing lines in the prescription which give the colli- 

sion operator and forget at the same time the projection 


operators: the world line of a nucleon in the final or 
in the initial state is translated in the collision operator 


by 


1/(p—M) = 2MA()/[(p)?— M2] 
=2MA(p)2x8[(p)?— M2] 


and the world line of a meson is translated by 
1/(k*— 18) = (1) 


To avoid the mathematical difficulty raised by such 
expressions as {6[(p)?—M7?]}?, one can also say that 
the cross section for a process represented by a certain 
diagram is obtained in the following way: 

The diagram and its adjoint (i.e., the same diagram 
with the time direction reversed) are linked together. 
The prescription for the collision operator is followed 
on that “double-diagram” to obtain the probability of 
the transition. 

In any case, the propagation of a particle is described 
similarly whether the particle is in an observable state 
or in a virtual state. The propagation of a particle is 
characterized by its four-wave vector. There is a con- 
servation law for the four-wave vectors of the particles. 
When the particle is in an observable state the com- 
ponents of the four-wave vector are the energy and the 
momentum of the particle. When the particle is in a 
virtual state the 4th component of the wave vector is 


(17) 


with 








1 ne Tee 
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Fic. 4. Statistical energy distribution of one of the nucleons 
after the collision (in the rest system). 
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not the energy of the particle; the three other com- 
ponents are the momentum of the particle. 

We shall now complete the computation of the cross 
section. 


1 
( i, sk) ) k ; 
— Fan pay Oih| OO PP) 


. Te? YF ter 
1sk® 


(po'— p')?—wL (por— 


YD re rg: @z.@) 
ce’ 


Xi —if 





k)?— 





2 
+12 Hoon} (18) 


(pk 


The term explicitly written corresponds to the emission 
of the meson by the particle 2. The other one “i<+2” 
corresponds to the emission of the meson by the par- 
ticle 1. In agreement with the discussion of the para- 
graph B, the contribution of the Pauli exchange forces 
has been neglected. 

Because of Eqs. (4) and (17) and by use of the fol- 
lowing spurs: 


M2 


7. Spur(— A(po')ysA(p")v5) 


a = (po! p')— M?= —3(po'— p')’, 
~~ SpurA (p07) kA (p?)k 
= 2[2(po?- k)(p?- k) — (po? p?) + M? 
= — {[—M?*+ (p+)? ][—M? 
+ (po?— k*) ]+-k?(po'— 


SpurA (po')ysA(p")k=0. 


p*)}; 


We obtain: 


op, (— -) [aA+6B] 
” ae »Po’) 


where the numerical values of a and £6 are given by 
the following table. 


1 Tg 
= pu? [(pot—B)—METL(p-+ 8) MP] 
1 p(pt—R)2-M? (p+h)?— = 
— py—y'l (P+k)P— ME (pe —k)*— MP 
we we 
[ibe be MEP [+e MP 
In this expression y? has been neglected as compared 


to M?. Here we have averaged over the charges of the 
nucleons in the initial state and summed over the 
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charges of the nucleons and the meson in the final state. 
The cross sections for the different cases according to 
the charge of the meson and the nucleons are not equal 
in the charged theory. 

The structure of the cross section is given essentially 
by the term 1/[(po'—p')?—y?]. The terms propor- 
tional to uw? are small as compared to the others. The 
two terms which are functions of k balance each other 
to give a term nearly equal to two. 


1 
p(p',p”,k) 
oor 








p (2M)? f 1 

(2m)? J 2[((Es})*— M2)4((E)?— M4] 

OE (ExtE!+ ((Ey!)*—M2)4((E!)— M2) ¥]— 2M2-+ 

8 of (EatE!— ((Ey")?— M2)4((E!)*—M2)¥]— 20+? 
A(Eq!)?—4Ey'E!+-p2 \? 
wes, 

4p? t 

i. |e. (19) 

4E,?—4E,!E!+ M? 


The square root is merely a statistical factor; it corre- 
sponds to the integration over all the states of the 
meson available when the energy of one of the nu- 
cleons is equal to E;. The logarithm divided by 2[(Eo')? 
— M? }#(E,;— M”)! is essentially a function of Eo! alone. 
Its asymptotic values are 


i+M 


(Ey'— M) 
4M? 


(Ey)? 








| cer) ( 





m 
for : <E.'—-M<M, 
log(Eo'!) for Eo>>M. 


2,3 
cross-section in units (£) 7. 
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Fic. 5. The full curve is the cross section for the production 
of a pseudoscalar meson with pseudoscalar coupling in the charge- 
symmetrical theory (in the laboratory system). The dotted curve 
is the cross section as obtained from the invariant statistical 
factors (in the laboratory system). It increases up to a value of 13 
which is reached in the neighborhood of Eo/M =20. 


Hence, the energy distribution of the meson and the 
nucleons is nearly the same as the energy distribution 
obtained from pure statistical considerations (see para- 
graph A). In Figs. 3 and 4 there is plotted the statistical 
energy distribution of the meson and the nucleon in 
the rest system. 

The asymptotic expressions for the cross section in 
the laboratory system are: 





[ w2—2uM FP 
E/-m————| 
L M 


for 2u <Ey)/—M«M 


f2?\37 8 ME,’ 
s-a(—) ( Jog ’ for Ep’ >>M 
4r ME,’ 2 


a=1 in the charged theory. a=3 in the symmetrical 
theory. Ey’ is the energy of the incoming nucleon, the 
other nucleon is at rest. The cross section in the charge 
symmetrical theory is about three times bigger than 
the cross section in the charged theory. Besides a larger 
number of mesons transmitted or emitted in the charge 
symmetrical theory, some transitions are possible only 
through an exchange of neutral mesons. 

The total cross section is plotted on Fig. 4 in the 
laboratory system. On Fig. 5 there is also plotted the 
cross section obtained from the statistical factors: 
density of final states and inverse of the flux of the 
incoming particles (i.e., the cross section obtained from 
equation (2) with O=1. 

This result differs appreciably from the results ob- 
tained with a scalar meson field! and with the pseudo- 
vector coupling of the pseudoscalar meson field.'* For 
the scalar and pseudoscalar interactions which do not 
depend on the energy of the meson, the energy dis- 
tribution of the particles is nearly the same as the 
statistical energy distribution. There is no term in the 
cross section which favors a large or a small momentum 
transfer from the nucleon to the meson: The strong 
dependence of the cross section on large momentum 
transfers; at high energies, which could be expected in 
a pseudoscalar theory, is eliminated for two reasons: 
The terms corresponding to the emission of the meson 
before and after the scattering of the nucleons balance 
each other. The contribution of high energy particles 
limited to a small angle scattering is of the same order 
of magnitude as the contribution of slow energy par- 
ticles with a large angle scattering; the energy de- 
nominators which look like “resonance denominators” 
are smeared out by the integration over the angles. 





4 The cross section for production of a pseudoscalar meson with 
pseudovector coupling increases like the square of the energy of 
the incoming particle E’. The cross section reaches the geometrical] 
cross section for a total energy of the particle of the order of twice 
the rest mass. If the cross section is calculated with the damping 
theory, the damping terms become effective in that energy region; 
they reduce the cross section for proton-proton collision to a 
constant and the cross section for proton-neutron collision to a 
decreasing function of Ey’. 
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APPENDIX 


The meson production is considered here from the point of view 
of the quantum theory of fields (case a). The meson production has 
been also considered from a phenomenological point of view*** as 
the mesonic analog to the bremsstrahlung (case b). The process is 
then described as the scattering of a nucleon by another nucleon 
followed or preceded by the emission of a meson. The knowledge 
of the scattering can be obtained from experiment; thus this 
semi-empirical method does not ask the explanation of the mo- 
mentum transfer between the nucleons from the theory. The 
difference between these two conceptions is more easily explained 
in the old form of the perturbation theory. A diagram such as 
Fig. 1a condenses three different processes which can be unfolded 
in the following format: 


p' pe’, 
P Ng 
P(pr— f), f, p 
IV 


Il 7 
Pol, (per— f), t —p',p’, f 
Ir 
pol, p?(— ft) 7 


a 
f'=po!—p! is the momentum of the virtual meson exchanged be- 
tween the nucleons. 
A circuit will be referred to by the corresponding number on 
the arrow. Circuit IV describes a direct interaction between the 


Pot, Po* 
\ 





(20) 


% In the first-order approximation the matrix element for the 
nuclear interaction Va-a due to the exchange of mesons between 
two nucleons is 


Vara=2i(HaiHia/(Ea—E\)]. (1) 


Contrary to previous opinions on the static nuclear potential, the 
pseudoscalar mesons do not contribute to the first-order term 
(they contribute to the second-order term). The vector mesons 
give a matrix element Va-a which representation in coordinate 
space is: 

G*(e~**/r) +376(r). (2) 


g is the coupling constant for the tensor interaction. G? is a linear 
combination of the square of the coupling constants of the vector 
and the tensor interactions. The infinite terms occurring from the 
tensor interaction cannot be cancelled by charge and mass re- 
normalization alone (K. M. Case, Phys. Rev. 75, 1440 (1949)). 
A treatment which would remove all infinite terms may remove 
also the term g*5(r). There may not be any 3é-interaction in the 
static potential derived from Vava. If there is one, Va-a is replaced 
by the following expression : 


Vara = 2i(HaiHia’/(Ea— E;) ]+H ara. (3) 
H’ is the operator for direct interaction which is chosen so that 
V(r) = G*(e“""/r). (4) 


In Eq. (4) as in Eq. (2) the term in G* is obtained only when the 
static approximation is made, that is to say, when the recoil 
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nucleons which may or may not be needed to cancel unwanted 
singularities in the theoretical derivation of the nuclear potential. 
The cross sections obtained in the case a and b would be equiva- 
lent® only if the two following conditions were fulfilled : 

(1°) If the matrix element for the circuit II+III+IV could be 
replaced as a whole by the corresponding matrix element of the 
nuclear potential. The diagonal elements of these two matrices 
are equal (elements corresponding to the transitions between two 
states of the same total energy) ; but the off diagonal elements are 
not equal when circuit IV is included or when there is a virtual 
pair creation in the intermediate state. When there is not equiva- 
lence between the circuit II+III+IV and the nuclear potential, 
it is difficult to speak of a nuclear potential for processes of higher 
order such as radiative scattering. 

(2°) If circuit I were negligible as compared to the circuits 
II+III+IV. This condition would be necessary because the 
phenomenological description cannot account for circuit I where 
the meson is emitted during the exchange of the virtual meson. 
The ratio of the contribution of circuit I to the contribution of 
circuit II or III is of the order: 


u/(po'—p') <1 


near the threshold. The importance of the contribution of the 
circuit I at the threshold is due to the finiteness of the meson mass. 
Two circumstances may affect circuit II and III in such a way 
that circuit I becomes of major importance. When there is no spin 
or charge operator, contribution from terms in which scattering 
precedes meson emission is equal and opposite in sign to that in 
which scattering follows meson emission.’ [The contribution of 
circuit II (and ITI) cancels with that of the corresponding circuit 
of the mirror image of (20).] When there is a circuit IV, the con- 
tributions of circuit IT and III are essentially reduced by that of 
circuit IV, that of circuit I is unaffected.® 

We have pointed out the differences of the photon and meson 
case due to the finiteness of the meson mass. By looking at the 
meson production in a slightly different manner, we can bring 
forth another difference between these two fields. Whereas in the 
bremsstrahlung, the Coulomb potential is accounted for by the 
longitudinal part of the field, and the photon emission by the 
transverse part of the field; in the meson production, there is no 
such distinction between the field responsible for the nuclear 
potential and the field responsible for the meson emission. Unlike 
the problem of the bremsstrahlung one cannot take the difference 
between the total field and the part of the field associated with the 
nuclear potential to account for the meson emission. In the 
bremsstrahlung there is no difference between the case a and b. 

In conclusion, the phenomenological description avoids the 
difficulties of the theoretical calculation of the nuclear scattering. 
It keeps just a part which gives meson production. It overlooks 
some of: the differences between the meson field and the photon. 
field. 


energy is neglected in Eq. (3) or in Eq. (1). This approximation is 
justified in Eq. (1); it is not obviously justified in Eq. (3) because 
H’,-a cancels the main contribution of 2\[Ha’iHia/(Ea— E;) ] and 
the remainder is of the same order of magnitude as the first term 
neglected by the static approximation. It can be shown that the 
static approximation is justified in Eq. (3) only if the total energy 
of the states A and A’ is the same. Consequently, the representa- 
tion of Va-a in coordinate space is not G*(e~**/r). 
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The relative cross sections for production of electron pairs by 17.6 Mev gamma-rays have been measured 
for Li, C, Al, Cu, Sn, and Pb. A gamma-ray pair spectrometer was used to count the number of pairs emitted 


from thin radiators of these materials when irradiated by 17.6 Mev gamma-rays produced in the Li’(p,y) Be® 
reaction. For each material, the number of pairs counted per atom of radiator has been extrapolated to a 
radiator of zero thickness, in order to obtain the relative pair cross section. From these measurements some 
information can be obtained about the probability of pair production in the field of the atomic electrons, 
and about the errors in the theoretical pair cross sections of heavy elements, which presumably arise from 
the use of the Born approximation. It is found that the ratio of the pair cross section of an electron to that 
of a nucleus of unit charge is 0.8+-0.3. The data indicate that the pair cross sections of heavier elements are 
lower than predicted by the Born approximation, in qualitative agreement with measurements of the total 


absorption cross sections. 








I. INTRODUCTION 


HE cross sections of different elements for the 

production of electron pairs by high energy 
gamma-rays are roughly proportional to Z?.4? This 
proportionality is not exact, however, for threee dif- 
ferent reasons. These are the screening of the nuclear 
coulomb field by the atomic electrons; production of 
pairs in the field of the atomic electrons; and an in- 
adequacy of the Born approximation, by means of 
which the Z? dependence has been obtained in the 
Bethe-Heitler theory of pair production. 

The effect of screening is small at 17.6 Mev and has 
been calculated with reasonable accuracy by Bethe and 
Heitler.! It may be taken into account by a correction 
factor (1—.S(Z)) in the pair cross section. The screening 
correction, S(Z), varies from 0.01 for lithium, to 0.05 
for lead at 17.6 Mev. 

The production of pairs in the field of the atomic 
electrons contributes a term proportional to Z in the 
cross section per atom. This means the total pair cross 
section is proportional to Z(Z+-A) instead of Z*, wheré 
A is the pair cross section of an electron relative to 
that of a nucleus of unit charge. For light elements, the 
effect of the electrons may be rather large. The prob- 
ability of pair production in the field of an electron has 
been calculated in a number of papers,*~® but its value 
at 17.6 Mev is not known with certainty. Borsellino* 
gives the (interpolated) value A=0.68 at 17.6 Mev, 
for a free electron. The approximate calculations of 
Wheeler and Lamb‘ take into account the binding of the 
electrons in the atom, but are valid for light elements 
only at higher energies. They give for heavier elements, 
however, a value A ~ 1.0. 

Finally, the Z? dependence of the pair cross section 
for a bare nucleus depends upon the use of the Born 

1H. A. Bethe and W. Heitler, Proc. Roy. Soc. 146, 83 (1934). 

2 W. Heitler, Quantum Theory of Radiation (Oxford University 
Press, London, 1936). 

3A. Borsellino, Helv. Phys. Acta 20, 136 (1947). 

‘J. A. Wheeler and W. E. Lamb, Phys. Rev. 55, 858 (1939). 


5K. M. Watson, Phys. Rev. 72, 1060 (1947). 
6 V. Votruba, Phys. Rev. 73, 1468 (1948). 
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approximation in the theory of Bethe and Heitler.! 
The condition for validity of the Born approximation is 
Ze?/hv<1 where v is the velocity of the electron (or 
positron). In the most favorable case of relativistic 
velocities, this reduces to Z/137<1, which is true for 
light elements, but not for heavy ones. Thus deviations 
from the Born approximation values may be expected 
for heavy elements. These deviations will be expressed 
by a correction factor (1—B(Z)). 

Combining the three effects discussed above, one may 
write the total pair cross section in the form: 


Opair ~Z(Z+A)(1—S(Z))(1—B(Z)). (1) 


From measurements of the relative pair cross sections 
of different elements, some information may be ob- 
tained about the electron pair cross section, A, and 
about the correction B(Z) to the Born approximation 
values. 

The above remarks apply not only to the integral 
pair cross section, but also to the differential cross 
section, o(E+)dE*, for production of a pair with posi- 
tron energy between E+ and E++dEt. However, the 
magnitude of the three “corrections,” A, S(Z), and 
B(Z), may be different in different regions of the dif- 
ferential cross section, i.e., different E+. For example, 
the symmetry of the differential cross section with 
respect to’ the positron and electron energies’? is a 
result of the use of the Born approximation, whereas the 
true curve is probably asymmetrical. The correction to 
the Born approximation value is probably different in 
the region of small positron energies from that at small 
electron energies. 

It will be seen later that in the present experiments 
the relative cross section measured for each element is 
not the integral cross section, but an integral over the 
central region of the differential cross section. 


3k/4 
— f o(E*)dE*. (2) 
k 


/4 


This should be kept in mind in interpreting the results. 
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In addition, pairs produced in the field of an electron 
are not counted if the “recoil electron” has a high energy 
(>approx. 1 Mev). Thus these are not included in the 
observed cross section, but they are probably small in 
number.* 

Finally it should be pointed out that information 
concerning the electron pair cross section and the “Born 
approximation correction” can also be obtained from 
measurements of the total gamma-ray absorption cross 
sections of different elements.’~* These measurements 
have the advantage of being more accurate and less 
subject to systematic errors than the present experi- 
ment. However, at energies below 20 or 30 Mev the 
effect of pair production in the field of the atomic elec- 
trons is much less important in the absorption cross 
section than in the pair cross section alone. This arises 
from the fact that Compton scattering contributes 
more than pair production to the absorption in very 
light elements. Also, in heavy elements at these energies, 
nuclear photo-disintegration may contribute a few 
percent to the total absorption cross section® ® but does 
not affect the relative pair cross section. 


II. APPARATUS AND PROCEDURE 


Pairs produced in radiators of different elements were 
counted by means of a magnetic pair spectrometer 
which has been previously described,!® and which is 
shown in Fig. 1. Radiators used in these experiments 
were 3 by 11 cm in area, and their thicknesses are given 
in Table I. By counting coincidences between any of 
the four positron counters and any of the four negative 
electron counters, the spectrometer measures pairs in 
seven different energy intervals, separated in energy by 
about 4 percent. In these experiments, the magnetic 
field of the spectrometer was always adjusted for each 
radiator so that the center of the observed 17.6 Mev 
gamma-ray line fell midway between the central energy 
channel, number 4, and an adjacent channel, number 3. 
By adding the counts in channels 3 and 4 (after cor- 
recting for a difference in statistical weights arising 
from the fact that channel 4 is fed by coincidences from 
four counter pairs whereas channel 3 is fed by only three 
counter pairs), the flat-topped “resolution function” 
shown in Fig. 2a may be obtained. The flat top is 
desirable in order to minimize the effects of small 
variations in the magnetic field, and of energy loss and 
scattering of the pair electrons in the radiator. A still 
broader resolution function, shown in Fig. 2b may be 
obtained by adding the counts from four channels, 
numbers 2, 3, 4, and 5 (each corrected for statistical 
weights). Both of these resolution functions have been 
used in analyzing the data. 

The width of the radiator, and its position with 
respect to. the counters determine the region of the 


7J. L. Lawson, Phys. Rev. 75, 433 (1949). 

8 R. L. Walker, Phys. Rev. 76, 527 (1949). 

*G. D. Adams, Phys. Rev. 74, 1707 (1948). 

10R. L. Walker and B. D. McDaniel, Phys. Rev. 74, 315 (1948). 


differential pair cross section? from which pairs may 
be counted. For example, no pairs in which one electron 
has a very low energy can be recorded. (The minimum 
radius of curvature for an electron which: is counted is 
given by one-half the distance from one end of the 
radiator to the nearest counter.) It may be shown that 
the counting rate of the spectrometer for a thin radiator 
is proportional to the integral over the central region of 
the differential cross section: 


3k/4 
Cobs~ f o(E+)dE*. (2) 


k/4 


Actually, the limits of this integral are not exact, and 
they depend somewhat upon the particular counter pair 
giving the coincidences. The important point, however, 
is that the measured cross section, (2), is different from 
the total integral cross section. This difference would 
not be significant, of course, if the unscreened differ- 
ential cross section had the same shape for all elements, 
as predicted by the theory of Bethe and Heitler. It is 
important, therefore, only to the extent that the Born 
approximation gives wrong results. 

The gamma-rays used in these experiments were 
produced by bombarding thick lithium targets with 
0.46 Mev protons from the Cornell cyclotron. The 
gamma-rays thus produced from the 440-kev resonance 
in the Li’(p,y)Be® reaction have a spectrum which 
consists of a sharp line at 17.6 Mev, and an apparently 
broad line near 14.8 Mev.!° The possible effect on the 
measurements of the lower energy component (which 
has a relative intensity about half that of the 17.6 Mev 
line) will be mentioned later. 

The relative number of pairs emitted from each 
radiator was measured by comparing the counting rate 
of the spectrometer using this radiator with that ob- 
tained from a “standard” 0.006-in. Pb radiator. For 








Fic. 1. Diagram of the gamma-ray pair spectrometer. (Hori- 
zontal section through the four-inch magnet gap.) The distance 
between cyclotron target and radiator was about 58 cm in these 
experiments. 
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Fic. 2. Resolution functions of the spectrometer under the 
conditions used in the present experiments: (a) Counting rates of 
channels 3 and 4 added together, (b) counting rates of channels 
2, 3, 4, and 5 added. 


this comparison the gamma-ray intensity was monitored 
by two small Geiger counters mounted in 4.5 cm lead 
shields. To avoid systematic counting errors, the 
counting rates of the two radiators being compared 
were measured alternately, until 7 to 12 readings had 
been obtained for each one. Enough counts were ob- 
served to obtain a statistical accuracy of about 2.0 
percent in the ratio of the counting rate of each radiator 
to that of the standard. 

From this ratio has been subtracted a background, 
which ranged from one to ten percent, depending on the 
radiator. This background was the counting rate ob- 
tained with no radiator in the spectrometer (relative to 
the counting rate with the standard radiator). Some of 
the background arises from pairs produced in the 
mounting frame and Scotch Tape used to support the 
radiators. 


Ill. EFFECTS OF SCATTERING AND ENERGY 
LOSS OF THE PAIR ELECTRONS IN 
IN THE RADIATION 


In order to obtain the ratio of the pair cross sections 
of different materials from the ratio of counting rates 
with radiators of these materials in the spectrometer, it 
is necessary that the spectrometer efficiency in counting 
the pairs actually produced be the same for the different 
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RADIATOR THICKNESS T (RADIATION LENGTHS) 


Fic. 3. Vertical scattering correction. f(T) is the fraction of 
pairs produced which is not lost because of vertical scattering. 
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materials. Since this efficiency is affected by energy loss 
and scattering of the pair electrons in the radiator, an 
extrapolation was made for each element to a radiator 
of zero thickness. In making this extrapolation, it is of 
interest to investigate the effects of energy loss and 
scattering. 

Scattering of the pair electrons in the radiator has 
two effects on the efficiency. One of these is that a pair 
will not be counted if either electron is scattered so far 
in the vertical direction that it strikes a magnet pole 
and thus does not enter the counter window. The 
fraction f(T) of pairs not lost because of this vertical 
scattering has been calculated as a function of the 
radiator thickness, 7, and is shown in Fig. 3. This cal- 
culation has been made from the known geometry of 
the spectrometer, and from the angular distribution of 
electrons multiply scattered in emerging from the 
radiator." The angles of emission in the pair production 
process itself'? are smaller than those arising from mul- 
tiple scattering except for very thin radiators. They 
have been included in a rough way in the curve of 
Fig. 3. As an aid in extrapolating the data to zero 
thickness of radiator, corrections have been made for 
the fraction of pairs lost by vertical scattering. This 
might appear to introduce significant errors, since the 
calculated curve of Fig. 3 is certainly not exact, espe- 
cially at large radiator thicknesses. However, it is felt 
that the errors in the relative cross sections introduced 
by this procedure are unimportant since the same cor- 
rection curve, f(T), has been applied to all elements. 

The second effect of scattering of the pair electrons is 
an apparent lowering of the energy of the pair. This 
results from the properties of 180 degrees focusing, by 
means of which the spectrometer measures the mo- 
mentum component of an electron normal to the radi- 
ator. This apparent energy loss, combined with the 
actual energy loss by inelastic collisions, means that the 
apparent spectrum of pairs produced by 17.6 Mev 
gamma-rays is not a sharp line at 17.6 Mev, but a con- 
tinuous spectrum in a small energy interval just below 
17.6 Mev. If this energy interval is larger than the flat 
region of the resolution functions shown in Fig. 2, then 
a loss in efficiency will result from this “line broaden- 
ing.” Sample corrections for these effects have been 
calculated, but no corrections have been applied to the 
data. The calculations indicate a sizable loss of efficiency 
for thicker radiators of light elements if the narrow 
resolution function 2a is used. No significant losses 
(except perhaps for the two or three heaviest radiators) 
are expected if the wider resolution function 2b is used. 


IV. RESULTS 


The relative pair counting rate per atom for each 
radiator measured is shown in Table I. The column 
R;_./N gives this data as obtained from channels 3 and 

1 See, for example, B. Rossi and K. Greisen, Rev. Mod. Phys. 


13, 263-265 (1941). 
12 M. Stearns, Phys. Rev. 76, 836 (1949). 


















CROSS SECTIONS FOR PAIR PRODUCTION 


4 of the spectrometer, corresponding to the narrow 
resolution function 2a. The column headed R2/N 
gives the data obtained from channels 2, 3, 4, and 5S, 
corresponding to the wide resolution function 2b. Also 
shown in Table I are the vertical scattering corrections 
(T). 
: The relative counting rates, corrected for vertical 
scattering losses, have been plotted in Fig. 4 as a func- 
tion of the radiator thickness for each material. These 
curves have then been extrapolated to zero thickness to 
obtain the relative pair cross sections. The slopes of the 
curves for light elements using the narrow resolution 
function 2a are probably a result of energy loss in the 
radiator. As discussed above, the effect of this energy 
loss is unimportant if the broad resolution function 2b 
is used, and the slopes of the corresponding curves are 
seen to be greatly reduced. In fact, the curves for heavy 
elements have a slight positive slope. This may reflect 
errors in the vertical scattering correction f(T), but it 
may also be a result of the broad 14.8 Mev lithium 
gamma-ray line. Because of the way in which the mag- 
netic field was adjusted for each radiator the fraction 
of counts arising from the tail of the 14.8 Mev line 
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Fic, 4, Relative counting rates per atom for each radiator, cor- 
rected for vertical scattering. The crosses represent data obtained 
from channels 3 and 4, corresponding to the narrow resolution 
function of Fig. 2a. The circles are data obtained from channels 
2, 3, 4, and 5, corresponding to the wide resolution function 2b. 
For each of these sets of data the relative pair cross section of each 
— is obtained from the pravechiel rv to zero radiator 

ness. 
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TABLE I. Relative counting rate per atom for each radiator.* 








Thickness 
(Radia- 
tion 
(g/cm?) lengths) 


0.2061 0.00181 


0.1138 0.00220 
0.1937 0.00374 
0.3462 0.00669 
0.5902 0,01141 


0.1099 0.00419 
0.2897 0.01104 
0.4729 0.01803 


0.0489 0.00369 
0.1383 0.01044 


0.0368 0.00423 
0.0962 0.01106 


0.0315 0.00534 
0.0599 0.01015 
0.1233 0.02090 
0.1861 0.03154 


Radi- 

ator 

mate- 
rial 


Statis- 
tical 
standard 
error 


1.4% 


N 
(10% 
atoms 


0.969 0.590 


0.967 0.1883 
0.947 0.3206 
0.882 0.5731 
0.781 0.9768 


0.940 0.0810 
0.787 =—0.2135 
0.673 0.3485 


0.947 0.01528 
0.800 0.04326 


0.939 0.00617 
0.787 =0.01610 


0.003023 
0.005747 
0.01183 
0.01785 


S(T) R:3/N 
0.181 


0.620 
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* N is the total number of atoms in the radiator. 

Ri and R:-s are ratios, corrected for background, of the s ‘ometer 
counting rate when the listed radiator is in position, to counting 
rate with the ‘‘standard" Pb radiator, (0.1861 g/cm*). 

Ri is this ratio measured by channels 3 and 4 of the spectrometer, cor- 
responding to the narrow resolution function 2a. 

R:-s is this ratio obtained from channels 2, 3, 4, and 5 of the spectrometer, 
corresponding to the wide resolution function 2b. 
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Fic. 5. Graph of oore/Z[1—S(Z)] vs. Z. The intercept on the 
Z-axis gives the electron pair cross section, A =0.8, relative to the 
pair cross section of a nucleus of unit charge. 
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would be expected to increase with the radiator 
thickness. 

The relative pair cross sections obtained from data 
taken with the two resolution functions of Fig. 2 are 
listed in Table II. Both sets of values have been 
arbitrarily normalized so that the measured (relative) 
cross sections of the lightest elements will agree numeri- 
cally with the theoretical Born approximation values 
for the integral cross sections (see Fig. 6). This nor- 
malization is convenient even though the measured 
cross section (2) differs from the total integral cross 
section. (In the “theoretical” values, the electron cross 
section A=0.8 has been used.) Also shown in Table II 
are the screening corrections, S(Z) calculated from the 




















TaByE II. Observed relative pair cross sections and their com- 
parison with the theoretical Born approximation values. The 
value A =0.8 for the electron pair cross section has been used in 
the “theoretical” cross sections. 














Screening » ; 
correc- o3-4 2-5 Average Tobs 

Ele- tion normalized normalized =¢obs 
ment S(Z) (10724 cm?) (10-24 cm?) (10-24 cm?) Born 
Li , 0.018 0.0342 +4% 0.0347 42% 0.0344 +4% 0.997 
Cc 0.014 0.1248 +3% 0.1194+2% 0.12214+3% 0.991 
Al +: 0.021 0.531 +2% 0.530 +2% 0.530 +2% 0.987 
Cu 0.031 2.416 +3% 2.406 +3% 2.411 +2% 0.942 
Sn 0.040 6.54 +3% 6.70 +3% 6.62 +3% 0.890 
Pb 0.050 16.48 +2% 16.80 +2% 16.64 +2% 0.845 








low energy formula of Bethe and Heitler' involving the 
function C(y). 

Assuming that the Born approximation is valid 
for light elements (ie., B(Z)~0), if one plots 
Tovs/Z_1—S(Z) | against Z, the negative intercept on 
the Z axis should give the electron pair cross section, A 
(see Eq. (1)). This has been done in Fig. 5 and the 
value A=0.8+0.3 obtained. The rather large estimate 
of error arises from the fact that the measured cross 
section of lithium (for which the electron effect is 
greatest) is less reliable than those of the other elements. 
This is due in part to the fact that only one thickness of 
lithium was measured, since thicker lithium radiators 
would have given-too great an energy loss. Also im- 
portant, however, is the large effect of any impurities 
which might be present in the lithium, resulting from 
the fact that the number of pairs produced per gram in 
different elements is roughly proportional to Z.* The 
error in A quoted above. is estimated not only from 
Fig. 5, but from a consideration of the relation of the 
cross sections of the three lightest elements measured to 
those of the heavier elements, as illustrated in Fig. 6. 

As discussed in the introduction, the theoretical pair 
cross sections calculated with the Born approximation, 
are proportional to Z’, except for corrections for screen- 
ing and for the production of pairs in ‘the field of the 
atomic electrons; that is, 

7 Born™~ Z(Z4+A)(1—S(Z)).. (3) 
In order to find the deviations of the measured cross 
sections from the Born approximation values (i.e., the 
correction B(Z) of Eq. (1)), the ratio ¢obs/oBorn has been 
plotted as a function of Z, in Fig. 6. In this graph, the 
relative cross sections, gobs, have been normalized to 
make the ratio ¢ops/@Born approach 1 at small Z, where 
the Born approximation should be valid. The values of 
TBorn are not purely theoretical, since the experimental 
electron cross section, A=0.8, has been used in (3). 
The curve of Fig. 6 indicates that the correction to the 
Born approximation is linear in Z, 


B(Z) = (0.0019+.0.0005)Z, 


* A spectrographic analysis of the lithium radiator, made by the 
New England Spectrochemical Laboratories of Ipswich, Mas- 
sachusetts, showed only small amounts of impurities (0.1 percent 
+ a factor 10). However, the qualitative nature of this analysis, 
together with the fact that the likely surface impurities, C, NV, 
and O were not included in it, make it impossible to rule out the 
effects of impurities. 
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but the data are not accurate enough to actually deter- 
mine the Z-dependence of this correction. For example, 
the data are not greatly inconsistent with a Z?-de- 
pendence, as suggested by Lawson,’ and as might seem 
more reasonable from consideration of the total absorp- 
tion cross sections.*® 

According to Fig. 6, the correction to the Born 
approximation is about 0.16+-0.4 for lead, whereas a 
measurement of the total absorption cross section® 
indicates a correstion of 0.10. The latter figure is based 
on the assumption that the absorption of 17.6 Mev 
gamma-rays takes place only by pair production, 
Compton scattering, and atomic photoelectric effect, 
and that the theoretical cross sections for the latter two 
processes are correct. It will be too low if any other 
processes contribute to the absorption. Actually the 
nuclear (7,7) process may make a contribution of a few 
percent, and if a correction for this effect is made, it is 
possible that the value of B(Z) obtained from the ab- 
sorption data would agree within the experimental 
error with that found from Fig. 6. 

Exact agreement between the two values of the Born 
approximation correction might not be expected since 
the absorption involves the total, integral pair cross 
section, whereas only the central half of the differential 
cross section, (2), is measured in the present experi- 
ments. As discussed in the introduction, the error in 
the Born approximation result is undoubtedly different 
in different regions of the differential cross section 
curve. It is interesting that the error in the central 
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Fic. 6. Comparison of the observed relative pair cross sections 
Zobs, With the theoretical, Born approximation results, oBorn 
= (3.055 10-27 cm?)Z(Z+A)(1—S(Z)). (In the above curve, the 
value A =0.8 has been used.) The measured cross sections have 
been normalized in such a way as to make the ratio oobs/oBorn 
approach unity for small Z, where the Born approximation should 
be valid. 


region seems to be as large as the error in the total, 
integral cross section. 
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The differential and total cross sections for neutron emission from the d—d reaction have been measured 
for deuteron energies between 0.5 and 3.7 Mev. A “thin” deuterium gas target and an energy insensitive. 
neutron detector were used in the measurements. The yield in the center of mass coordinates was of the form 
N(6)=K(1+A cos*9+B cos‘0+C cos*@); the total cross section was essentially constant (0.1 barn) for 
deuteron energies above 1 Mev. The coefficient A was found to be negative above 1.4 Mev and appreciable 
cos‘@ was needed at all energies. Above 2.5 Mev, a cos*@ term was also appreciable. The angular distribution 
results can be understood qualitatively in terms of penetration of Coulomb and centrifugal barriers plus 


spin-orbit coupling. 





INTRODUCTION 


CCURATE information concerning the neutrons 
from the 


D+D—He'+n+3.27 Mev 


reaction is of both experimental and theoretical im- 
portance since (a) for most laboratories the reaction is 
the only practical source of monochromatic neutrons of 
energy between 1.8 and 7 Mev, and (b) it is a simple 
enough reaction that detailed theoretical considerations 
about yield and angular distribution become feasible.! 

Both the neutron and proton emission from this reac- 
tion have been investigated extensively for deuteron 
energies below 500 kev.2~‘t However, most of the low 
energy data are “thick” target data and are difficult to 
translate with any certainty to differential and total 
cross-section measurements. 


At higher deuteron energies data of Bennett, Mande- 
ville, and Richards® and the recent work of Blair, 
Freir, Lampi, Sleator, and Williams® are available. The 
former data give only relative neutron yields and are 
limited to but two angles of observation to the deuteron 
beam. The Minnesota data® includes differential cross 
sections for both disintegration protons and He’ parti- 
cles for deuteron energies of 1 to 3.5 Mev. The angular 
range (~15° to 85° in c.m.s. coordinates) investigated 
in that work was limited in the forward direction by the 
geometry. of the charge measuring system and at large 
angles by the low energy of the He’ particle. The count- 
ing of charged particles in a known geometry did, how- 
ever, permit the Minnesota group to obtain quite 
accurate differential cross-section values for the above 
angular range. 

There are also recent differential neutron and pro- 
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Fic. 1. Schematic experi- 
mental arrangement. T is the 
gas target and P is the proton 
monitor counter. N is the 
shielded neutron detector. 
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ton cross-section measurements for 10-Mev deu- 
terons.” ® 


EXPERIMENTAL ARRANGEMENTS 


In the present investigation it was decided to observe 
the neutrons rather than the charged He’ so that 
measurements could include all angles in the c.m.s. 





a 
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Fic. 2. Observed angular distribution plotted in c.m.s. coordi- 
nates after correction for background and for neutron counter 
efficiency. The ordinate scale for each successive energy has been 
displaced one unit to prevent overlapping of data. The curves 
drawn through the experimental points are of the form N(6) 
= K(1+A cos*8+B cos‘@+C cos*@+: ++). 


? Erickson, Fowler, and Stovall, Jr., Phys. Rev. 75, 894 (1949). 
a oD” Meagher, Rodgers, and Kruger, Phys. Rev. 76, 167 
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from 0° to nearly 180°. At 180° (laboratory coordinates) 
the neutron energy varies only between 1.9 and 1.6 
Mev for deuteron energies between 0.5 and 4 Mev, but 
in the forward direction the corresponding variation of 
neutron energies is from 3.5 to 7.0 Mev. Hence an energy 
insensitive neutron detector is desirable for measure- 
ment of the angular distribution. A shielded long 
counter® was used for this purpose. From the measure- 
ments of reference 9, the efficiency of such a counter is 
almost independent of neutron energy in the range from 
1.5 to 3 Mev and is down about 5 percent at 5 Mev 
(average energy of Ra—Be neutrons). Extrapolation of 
Hanson and McKibben’s data would indicate a relative 
efficiency of almost 90 percent even for 7 Mev neutrons. 

Because of the identity of the two particles initiating 
the d-d reaction, the differential cross section must be 
symmetrical about the equatorial plane in the c.m.s. 
One might, therefore, use any experimentally observed 
asymmetry about this equatorial plane as a measure 
of the variation of the detection efficiency with energy. 
Our data, Fig. 2, after correction for counter efficiency 
according to the data of reference 9, was always sym- 
metric about 90° in the c.m.s. This efficiency correction 
was small for most angles and energies and never ex- 
ceeded 11 percent. The observed symmetry may then 
be taken as verification of Hanson and McKibben’s 
efficiency curve, or if their efficiency curve is accepted, 
be taken to indicate the absence of large systematic 
error in our angular distributions. 

Figure 1 shows the schematic experimental arrange- 
ment. A magnetically analyzed deuteron beam was 
brought to a deuterium gas target through a 20-foot 
long brass tube. The high resolution electrostatic 
analyzer’® was not used since targets of 50-150 kev in 
thickness were desirable for satisfactory counting rates 
and for minimizing background neutrons. 

The gas target (2 cm in length) was separated from 
the vacuum system by a 0.00005-inch (1 micron) nickel 
foil’ which when unsupported over a 6-mm aperture 
could withstand a pressure differential of almost two 
atmospheres. The effective thickness of the foil!* corre- 
sponded to an energy loss of 150 kev for the lowest 
energy deuterons, but only about 75-kev loss for the 
higher energies. 

After passing through the gas target the beam was 
stopped by a 0.1-mm gold foil. The target chamber 
could be evacuated and filled with either hydrogen (for 
background runs) or deuterium gas which was purified 
by passing through a palladium tube. Appropriate 
gauges permitted the gas density in the target to be 
measured to within a few percent. Beam current was 
integrated by observing with a string electrometer the 
potential difference across a known capacitance. 

A small end window proportional counter fixed at 


* A. O. Hanson and J. L. McKibben, Phys. Rev. 72, 673 (1947). 

10 Warren, Powell, and Herb, Rev. Sci. Inst. 18, 559 (1947). 

1 Available from the Chromium Corporation of America, 
Waterbury 90, Connecticut. 

1% As measured by observing the shift in the Li’(p, m)Be’ 
threshold resulting from the foil Seton inserted ahead of the target. 





YIELD OF D-D NEUTRONS 


90° to the beam was used to count disintegration protons 
from D(d, p)H*®. This reaction was used to monitor 
conditions while the angular distribution of neutrons 
was being investigated. 

Background neutrons (from the foil, defining aper- 
tures, etc.) were troublesome only at high deuteron 
energies. Thus at 0.7-Mev deuteron energy, background 
neutrons amounted to only 2 percent of the d-d yield 
and at 3.1-Mev background was 7 percent of the total 
yield in the forward direction but 22 percent at 110°. 
At 3.7-Mev background was 20 percent of the forward 
yield and 68 percent of the 110° yield. This large and 
somewhat fluctuating background makes our highest 
energy data somewhat unreliable. 


RESULTS 


Angular distribution results after conversion to c.m.s. 
coordinates and correction for counter efficiency are 
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shown in Fig. 2. The deuteron energy associated with 
each curve is the average energy of the deuteron beam 
in the gas target. Because of non-uniformities in the 
foil and voltage fluctuations, this average bombarding 
energy is probably not known better than +10 kev. 
The ordinates (yield in arbitrary units) of each curve 
have been displaced one unit to display more clearly 
the experimental data associated with each curve. 
The indicated error is statistical only. 

The curves drawn through the experimental points of 
Fig. 2 are expressions of the form 


N(@)=K(1+-A cos*@+ B cos6+C cos*#+ ---). 


This is the conventional representation. The experi- 
mental data can also be represented as a linear expan- 
sion in Legendre polynomials of the first kind: 


F(u)=AoPot+AsP2t+AsPitAcPot ::: 
2 Ep MEV 3 





Fic. 3. Variation with deuteron 
energy (Ea) of the coefficients 
K, A, B, etc. of the cos*@ repre- 
sentation of the data. The extra- 
polation to zero energy is based on 
the low energy data of reference 2. 
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Solid circles indicate that the 
normalization of these points was 
not checked because of generator 
difficulty. Also is included a plot 
of the penetrabilities Pz for the 
incoming deuterons (solid curve) 
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and outgoing neutrons (dashed 
curve). 














Fic. 3a. Variation with deuteron 
energy Ea of the coefficients of 
the Legendre polynomial fit to 
the outgoing neutron intensity in 
c.m.s. coordinates. 
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Fic. 4. Illustration of the latitude in choice of parameters which 
can be used to fit a given experimental curve. The dashed curve is 
from a Legendre polynomial analysis. The solid curve has coeffi- 
cients consistent with those of neighboring deuteron energies and 
the dotted curve shows the best fit possible if only terms up to 
cos‘@ are included. The assumption that the coefficients should bea 
slowly varying function of the deuteron energy considerably re- 
duces the ambiguity in choice cf parameters. 


where n=cosé and P,,(u) is the Legendre polynomial of 
order n. This representation may bé preferred for 
theoretical discussions since it better displays the par- 
tial waves of which the outgoing neutron intensity is 
formed. The coefficients A, B, C, etc., and Ao, Ao, As, 
etc., for the two representations are given as a function 


of energy in Fig. 3 and in Fig. 3a. In either case the 
coefficients were obtained from the experimental data 
by a Legendre polynomial. analysis similar to that de- 
veloped by F. Reines" except that in some instances the 
coefficients were modified to give a smoother variation 
of the coefficients as a function of deuteron energy. 

When only two parameters are used to describe the 
angular distribution, their values are quite closely 
fixed by the experimental data. However, for higher 
deuteron energy, three parameters are needed and in 
this case considerably more leeway is available in the 
choice of coefficients. This is best illustrated by the 
3.11-Mev data, where in Fig. 4 it is seen that reasonable 
fit of the data is possible for significantly different ex- 
pressions. The dashed curve is that obtained by the 
straight Legendre polynomial analysis. The solid curve 
has had the coefficients modified to be consistent with 
values at neighboring energies, and the dotted curve 
shows the best fit possible if no terms higher than cos‘#@ 
are included. Data at other energies required consider- 
ably less modification of the Legendre polynomial 
analysis. . 

The absolute value of the reaction cross section was 
determined by placing a calibrated Ra-Be source at 
the gas target and by use of Hanson and McKibben’s 
data® on the long counter detection efficiency for Ra-Be 
neutrons. 

Figure 5 gives the resulting absolute differential 
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Fic. 5. Differential cross sec- 
tion for D(d,)He® in c.m.s. 
coordinates. The 3.69 and 3.4- 
Mev data are somewhat un- 
reliable because of large and 
fluctuating backgrounds. 
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8 See Appendix IV, R. Taschek and A. Hemmendinger, Phys. Rev. 74, 373 (1948). 
The source was calibrated by the Argonne National Laboratory. The absolute calibration of this source may be uncertain by as 
much as 10 percent. 


! 
Ig0 








the 
data 
de- 
; the 
tion 


the 
sely 
sher 
1 in 
the 
the 
ible 
ex- 
the 
rve 
rith 
rve 
S49 
ler- 
ial 












YIELD OF D-D 









NEUTRONS 





O(D-N) 
BARNS 


10 


08 


Fic. 6. Total cross section for 
D(d, n)He’. 
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cross sections for the analytic expressions which have 
been fitted to the data of Fig. 2. The ordinates of the 
3.4 and 3.69-Mev curves have considerable uncertainty 
because generator and background difficulties at the 
time prevented a careful normalization of this data to 
that at lower energies. 

The total cross section (obtained by integrating the 
differential cross sections) is displayed in Fig. 6 along 
with comparison values from other experimenters. There 
is remarkably good agreement with the results of Blair 
et al.,® but the present data does not extrapolate to the 
very low energy data of Manley et al.* 

The laboratory differential cross-section curves, 
Fig. 7, are included for the convenience of the experi- 
mentalist who uses this reaction as a source of neutrons. 


DISCUSSION 


Since the present data show no evidence of sharp 
resonances, we may attempt to explain qualitatively 
the behavior of the differential cross section solely on 
the basis of Coulomb and centrifugal barrier penetrabil- 
ities. These penetrabilities (with R=7X10-" cm as 
assumed in reference 1) are plotted in Fig. 3 for both the 
incident deuterons and the outgoing neutrons of various 
orbital angular momentum. 

These penetrabilities indicate that for low deuteron 
energies the outgoing angular neutron distribution will 
be influenced chiefly by the penetrabilities of the in- 
coming deuterons and therefore the angular distribu- 
tion will change rapidly with deuteron energy. However, 
at higher deuteron energies it will be the outgoing 
penetrabilities which limit the complexity of the angular 
distribution. Under these circumstances one expects the 
angular distribution to be a much less sensitive function 
of the deuteron energy. Experimentally this result is 

16 According to a theorem of Eisner and Sachs, Phys. Rev. 72, 
680 (1947), the outgoing wave intensities cannot contain spherical 


harmonics of order greater than 2L where L is the order of the 
incoming wave. 
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Fic. 7. Laboratory differential cross section for D(d, n)He’. 


evidenced in the plot of Legendre polynomial coeffi- 
cients (Fig. 3a) and would indicate that even for much 
higher deuteron energies than those here investigated, 
the angular distribution would not change drastically. 
The 10-Mev deuteron data of references 7 and 8 sup- 
port this contention. 

It will be noted that spin and orbital angular: mo- 
mentum do not appear to be conserved independently. 
For example, outgoing D neutron waves are of quite 
appreciable intensities even for very low penetrabilities 
of incoming D deuterons. This result is consistent with 
the large spin-orbit coupling advocated by Konopinski 
and Teller.’ 
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The nuclear radiations from I™ (4 days) and I (13 days) have been measured. I decays to Te™ with the 
emission of three positron groups with end points at 2.20+0.01, 1.50+0.01, and 0.67+0.05 Mev, possibly 
accompanied by some K-electron capture. Gamma-rays of energy 0.603+0.002, 0.730.01, 1.72+0.02, and 
1.95-0.05 are given off in the disintegration. I'** decays to Xe! with the emission of two beta-ray groups of 
energies 1.268-+0.010 and 0.85+0.01 Mev, together with a gamma-ray of energy 0.395+0.005 Mev. An 
active state of I, of 13.0+0.5 hr. half-life, which decays by K-capture and the emission of an internally 
converted gamma-ray of energy 0.159 Mev, has been found. This activity is assigned to I. 





I. INTRODUCTION 


HE nuclear radiations of I™ are of interest be- 

cause that isotope is a. positron emitter which 
goes to Te™, and the energy levels of Te™ have been 
determined from the disintegration’? of Sb™. The 
disintegration scheme of Sb™ is rather complicated, 
giving rise to some five levels of Te, and it seems, 
therefore, of interest to try to confirm the level scheme 
from an investigation of the “pair nucleus,” I'. In 
the method of preparation of I used here, some I'” is 
also produced, and the disintegration scheme of this 
element has also been worked out. 

About all that is given in the tables about I is that 
it is a positron emitter whose half-life is 4.0 days. It 
was originally prepared by Livingood and Seaborg* by 
bombarding antimony with high energy alpha-particles. 
I'*% was also prepared by the same authors,? by a 
number of different reactions. It was found to have a 
half-life of 13.0 days and to emit electrons, whose 
maximum energy was determined by absorption as 1.1 
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Fic. 1. Spectrum of photoelectrons ejected from lead 
radiator by gamma-rays of ™ and I'™. 


1 Kern, Zaffarano, and Mitchell, Phys. Rev. 73, 1142 (1948). 
*C. S. Cook and L. M. Langer, Phys. Rev. 73, 1149 (1948). 
3 J. J. Livingood and G. T. Seaborg, Phys, Rev. 54, 775 (1938). 


Mev, and gamma-rays whose energy was determined 
as 0.5 Mev by lead absorption. 

In the present experiments, metallic antimony was 
bombarded by 23-Mev alpha-particles in the Indiana 
University cyclotron. For most of the measurements 
described here, bombardments of approximately 100 
pa-hr. were used. 

In order to separate the iodine from the target ma- 
terial, the (powdered) antimony was scraped off the 
target into a distilling flask. A small amount of a solu- 
tion of KI, of known iodide concentration, was added to 
act as carrier. Nitric acid was then added to the mix- 
ture and a condenser was connected to the distilling 
flask. On boiling the mixture, iodine collected in the 
condenser and was washed out with carbon tetra- 
chloride. The iodine in carbon tetrachloride was then 
transferred to a separatory funnel, the iodine reduced 
to iodide by NaHSOs, and the resulting iodide ion was 
precipitated from the water layer as AgI. 


II. APPARATUS AND RESULTS 


The spectrum of the photoelectrons ejected from a 
radiator was measured by a magnetic lens spectrometer 
which has been described by Kern, Zaffarano, and 
Mitchell.'4 The Geiger-Miiller counter used in these 
experiments was of the end window type with a window 
thin enough to transmit electrons of around 10 kev 
and above. Since the window was not supported on a 
grid, it was possible to measure the complete spectrum 
with this counter. Sources of active AgI were placed 
in a copper capsule thick enough to stop all beta-rays. 
Lead radiators of various thicknesses and one uranium 
radiator were used in the series of experiments. 

In the first experiment, the source was placed in the 
spectrometer approximately 24 hours after the end of 
the bombardment. Figure 1 shows the distribution 
of photoelectrons from a lead radiator of surface density 
31 mg/cm’. Photoelectron peaks can be seen corre- 
sponding to the following gamma-ray lines: K and L 
for 0.159 Mev; K for 0.395 Mev; K for 0.511 Mev, 
annihilation radiation; K and L for 0.603 Mev; and a 
weak K line for a gamma-ray of 1.72 Mev. The photo- 
electron peak for annihilation radiation served as a 


* Kern, Mitchell, and Zaffarano, Phys. Rev, 76, 94 (1949). 
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5 C. L. Peacock and R. G. Wilkinson, Phys. Rev. 74, 297 (1948). 


calibration point for the spectrum. The strong line at 
0.6034-0.002 Mev corresponds to the line at 0.603 Mev 
found in Sb™ and the line at 1:72+0.02 Mev, though 
weak and poorly defined, corresponds to a line seen in 
Sb™ of 1.71-Mev energy. 

In order to check on which lines might be due to I" 
and which to I’ the same source was measured on two 
additional occasions each a weak apart. On the second 
running, about five days after the run shown in Fig. 1, 
it was found that the K and L lines corresponding to 
the gamma-ray at 0.159 Mev were entirely absent. It 
was shown later that this line has a half-life of 13 hours. 
Of the remaining lines, successive experiments showed 
that those due to annihilation radiation, the gamma-ray 
at 0.603 Mev and that at 1.72 Mev all decayed with a 
half-life of 4 days, while that corresponding to the 
gamma-ray of 0.395 Mev decayed with a half-life of 
13 days. 

Subsequent experiments, in which a uranium radiator 
was used, confirmed the existence of the line at 1.72 Mev 
and showed in addition a higher energy line at 1.95+-0.05 
Mev. A careful search, using the same source, but a lead 
radiator, brought to light another weak line at 0.73 
+0.01 Mev. 

The line at 0.395 Mev has a half-life of 13 days and 
must be attributed to I’. Those at 0.603, 0.73, 1.72, 
and 1.95 Mev are attributed to I. The lines shown by 
Sb™ and those exhibited by I' are compared in Table I. 
The origin of the line at 0.159 Mev will be discussed below. 

The measurement of the particle spectrum—elec- 
trons and positrons—was accomplished through the 
use of two instruments. Since the magnetic lens spec- 
trometer was not equipped with a spiral baffle to 
separate positive from negative electrons, a small 180°- 








DISINTERGRATION OF I!24 AND [136 
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Sbi™ pet 
0.603 0.603+0.002 
0.651 oe 
0.71 0.73+0.01 
1.705 1.72+0.02 
2.06 1,950.05 








type spectrometer, described by Peacock and Wilkin- 
son,® was used. Actually, spectra were measured in 
both instruments and analysis of the data showed that 
quite good agreement was obtained between the two. 

The complete spectrum of all particles as measured 
in the magnetic lens spectrometer is shown in Fig. 2. 
This spectrum, taken in its entirety with the thin 
window counter, stretches from approximately 10 kev 
to 2.2 Mev. The features of the spectrum are: an Auger 
line, A, at 21.6 kev, K and L conversion lines for the 
gamma-ray at 0.159 Mev, and K lines for the gamma- 
rays at 0.395 and 0.603 Mev, together with the electron 
and positron distribution. 

Since the line at 0.159 Mev had been found, in the 
photoelectron investigation, to decay with a short half- 
life, measurements were made over this region of the 
spectrum for a period of several days. The intensity of 
the K and L lines of the 0.159-Mev gamma-ray was 
found to decay with a half-life of 13.0+0.5 hr. Since 
the chemical procedure involved ensures that only 
iodine is used as the source material and since the ac- 
tivity decays with a 13-hr. period, rather than being 
observed to grow and eventually reach secular equi- 
librium with the longer-lived decay products, the 0.159- 
Mev line is either connected with a metastable state 
of iodine, or arises from the reaction Sb(a,2n)lI. 
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Fic. 2. Particle spectrum (electrons and positrons) of !™ and I™. 
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Fic. 3. Internal conversion lines from I'* and P superimposed on 
beta-ray spectrum of I", 


Figure 3 shows the electron-spectrum taken on the 
180° spectrometer. Figures 4 and 5 show the Fermi- 
plots of the electron spectrum and the positron spec- 
trum, respectively. As in the investigation of the 
photoelectrons, the internal conversion line associated 
with the 0.603-Mev gamma-ray decays with a 4-day 
half-life and is due to I'*, while that associated with the 
0.395-Mev line decays with a 13-day half-life and is due 
to I'*, In addition, the positron spectrum shows a 4-day 
half-life and the continuous electron spectrum, one of 
13 days. 

The analysis of the continuous electron distribution, 
I'*6, by the method of Fermi-plots, shows that there are 
two groups of beta-rays; one with an end point energy 
of 1.268+0.01 Mev (27 percent abundance) and the 
other with an end point energy of 0.85+0.03 Mev 
(73 percent abundance). The comparative half-lives for 
the two groups are: ft=2.510* for the high energy 
group; and ft=2.7X 10" for the low energy group. 

The analysis of the positrons of I’ by the same 
method shows three groups of positrons. In addition, 
the high energy group has a “‘forbidden-shape.” This is 
shown in the inset of Fig. 5, in which curve A isa plot of 
the data employing the usual “‘allowed”’ functions and 
curve B that obtained when the correction term, usually 
called ‘‘a” is used.® This type of shape is attributed to an 
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Fic. 4. Fermi-plot of electrons from I, 


*E. J. Konopinski, Rev. Mod. Phys. 15, 209 (1943). For the 
application of this method, see also C. L. Peacock and A. C. G. 
Mitchell, Phys. Rev. 75, 1272 (1949). 
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Fic. 5. Fermi-plot of positrons from I. 


axial vector type interaction and is first forbidden, with 
Aj=+2 and a change of parity. The three groups ob- 
tained by this analysis have end point energies at 2.20 
+0.01 Mev (51 percent abundance), 1.50+0.01 Mev 
(44 percent abundance), and 0.67+0.05 Mev (5 percent 
abundance). The comparative half-lives for the three 
groups are: 26.8X 10°, 6.8X10°, and 1.4X10®, respec- 
tively. 
III. DISCUSSION OF RESULTS 
(a) I'*—Te'™. Half-Life 4 Days 


I goes to Te with the emission of positrons, and 
with possibly some K electron capture. Gamma-rays 
of energy 0.603+0.002, 0.73+0.01, 1.72+0.02, and 
1.95+0.05 Mev are observed, the strongest line being 
that at 0.603 Mev. In addition, three positron groups 
are found of energies 2.20+0.01, 1.50+0.01, and 0.67 
+0.05 Mev. The best energy and intensity fit can be 
obtained in the disintegration scheme if it is assumed 
that the highest energy positron group goes to the first 
excited state of Te! at 0.603 Mev. The proposed dis- 
integration scheme is shown in Fig. 6 together with 


sp'2* Te'** Te'2* '24 : 
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Fic. 6. Disintegration scheme of I, also showing disintegration 
scheme of Sb”, 





SB me oO met OO et A Et em ee 


DISINTERGRATION OF 


Fic. 7. Disintegration 
scheme of I, 


ccm: 





that of Sb. The levels fit quite well, within the limit 
of the experimental errors, with those previously de- 
termined. The fit obtained for the lowest energy posi- 
tron group is not good, but this group is quite weak 
and is determined as a result of two previous subtrac- 
tions. The fact that the line at 1.72 Mev appears, 
where there is apparently no associated positron group, 
suggests that it arises as a result of K-capture. 


(b) I'*—Xe!**, Half-Life 13 Days 


The spectrum of I consists of two beta-ray groups 
of energies 1.268+0.010 (27 percent) and 0.85++0.01 
(73 percent) Mev together with one internally con- 
verted gamma-ray of energy 0.395+0.005 Mev. The 
disintegration scheme is given in Fig. 7. 


(c) Remarks on the 13-Hour Activity 


From the chemical procedures involved and from 
the fact that the line at 0.159 Mev is observed to decay 
with a 13-hr. half-life, rather than to grow and even- 
tually reach secular equilibrium with one of the longer 
periods, it is supposed that the 0.159-Mev line arises 
from an isotope of iodine. A careful search was made 
for any positrons or beta-ray groups which might 
decay with a 13-hr. half-life but none was found. It is 
therefore certain that this state decays by the emission 
of an internally converted gamma-ray only. The ques- 
tion now arises as to whether this activity belongs to 
I to I'6, or to an iodine formed from Sb(a,2n)I. In 
order to get information on this point, I’ was bom- 
barded with fast neutrons—Li(d, n)—at the cyclotron. 
The source was, unfortunately, not strong enough to 
measure in a spectograph. The period was followed with 
a counter. Measurements of the electrons on the one 
hand and the gamma-rays on the other, showed only 
the 25-min. period of [8 and the 13-day period of 
I’, No 13-hr. component was observed. While not 
conclusive, this experiment suggests that the 13-hr. 
period is not connected with I. 

A conclusive experiment, however, was performed 
in which the results obtained using ordinary antimony, 
on the one hand, and separated Sb™ (96.7 percent) 
on the other, were compared. A sample of separated 
Sb”, weighing 100 mg, was obtained from the Stable 
Isotopes Division of the Oak Ridge National Labora- 
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Fic. 8. Low energy particle spectrum of radiations from iodine. 
(a) Normal antimony bombarded by alpha-particles; (b) anti- 
mony 123 bombarded by alpha-particles. 


tory. In order to make the comparison, a sample of 
ordinary antimony, weighing 100 mg, was given a total 
irradiation of 80-ya-hr. of 23-Mev alpha-particles, and 
a source of iodine prepared in the usual manner. The 
low energy part of the beta-ray spectrum from this 
source was investigated in the magnetic lens spectro- 
graph. A source was prepared in the same manner 
from the separated Sb’ sample, precautions being 
taken to avoid, as far as possible, any contamination 
from ordinary antimony. The results of both measure- 
ments are shown in Fig. 8, in which curve (a) gives the 
results for the ordinary sample and (b) those for the 
separated sample. It will be seen at once that, although 
the separated sample had a somewhat stronger activa- 
tion as judged from the intensity of the beta-ray spec- 
trum and the internal conversion line for the 0.395-Mev 
gamma-ray, the internal conversion line for the 0.159- 
Mev gamma-ray is extremely weak in the separated 
sample while the peak for this line, in the normal sample, 
gives a counting rate of about 2000 counts/min. This 
activity is therefore connected with the alpha-particle 
bombardment of Sb"! and is probably to be attributed* 
to 1%, 

This research was assisted by the joint program of 
the ONR and AEC. The authors wish to thank Drs. 
B. D. Kern and D. J. Zaffarano who helped in the early 
stages of this investigation, and also Miss E. Lanter- 
man for her help with the chemistry. They are also 
indebted to Dr. M. B. Sampson and the cyclotron crew 
for making the bombardments. 


* Note added in proof: Drs. I. Perlman and L. Marquez have 
informed us that they obtained this activity from the reaction 
Sb’2(q,2n) #3, This isotope probably decays by K-electron capture 
to Te” which emits the 159 kev gamma-ray. [See R. D. Hill, 
Phys. Rev. 76, 186A (1949) ]. 
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A new indium isotope which decayed with a 33-+2-min. half-life has been produced by deuteron and proton 
bombardments of cadmium 106. Evidence for the assignment of the activity to indium 107 is given. Charac- 
teristic radiations are positrons of 2-Mev energy and gamma-rays. An indium isotope which decayed with a 
4.30+0.15-hr. half-life has been produced by a deuteron and proton bombardment of cadmium 108 and by 
an alpha-bombardment of cadmium 106. The assignment is made to indium 109. Decay is by emission of 
0.75-++0.05-Mev positrons, by K-electron capture, and by emission of gamma-rays. Two genetically related 
isotopes in tin and indium have been assigned to mass number 108. The tin isotope, which is produced by 
bombarding cadmium 106 with alpha-particles, decays with a half-life of 4.5 hr. by K-electron capture. 
The indium isotope, which is produced by the decay of the tin isotope and by bombarding cadmium 108 with 
deuterons, decays with a half-life of about 55 min. by emitting positrons of 2-Mev energy and gamma-rays. 





I. INTRODUCTION 


AMPLES of electromagnetically enriched cadmium 
oxides** were bombarded with 5-Mev protons, 
10-Mev deuterons, and 20-Mev alpha-particles. In 
Table I are given the isotopic abundance supplied with 
each sample of enriched cadmium and the impurities 
found by spectroscopic analysis. Included in this table 
for purposes of comparison are the abundances of 
natural cadmium. 

The samples were prepared for bombardment by 
pressing the cadmium oxide into slots in chemically 
pure aluminum target blocks. Resulting activities were 
measured with a spectrometer counter! and with a Wulf 
unifilar electrometer connected to a calibrated Freon- 
filled ionization chamber placed below an electro- 
magnet. 

Calcium impurity, though not listed in Table I, was 
found in all enriched cadmium isotopes. Initially this 
resulted in considerable confusion because calcium 
bombarded with alpha-particles produced a large yield 
of scandium 43 which decayed with 3.92-hr. half-life by 
emission of 1.13-Mev positrons. The most satisfactory 
method found to remove the scandium from the indium 


TABLE I. Isotopic abundance of enriched cadmium. 








Percent abundance of isotope of mass numbers 





106 108 110 111 112 113 114 116 Impurities 
Sample en- 
in 
Cd 106 32.9 15 94 7.7 13.5 11.1 19.1 4.7 None 
Sample en 0.08% Pb 
riched in 1.5 248 33.2 12.0 106 4.5 103 3.6 0.04% Ag 
Cd 108 0.04% Cu 
Sample en. 
riched in 
Cd 110 0.1 O.2 70.0 186 7.0 13 2.3 0.5 None 
Natural 
cadmium 2 6 6O9 12.4,. 32.7 ; 24.1.-12.3 :209. 76 








* Lt. Col. USAF, research under auspices of USAFIT, Wright- 
Patterson Field, Ohio. 
** Supplied by the Y-12 plant, Carbide and Carbon Chemicals 
Corporation, through the Isotope Division, U. S. AEC, Oak 
ennessee. 
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and the tin was to separate the tin by distillation and 
then to precipitate the scandium from the indium. 

After proton bombardments of cadmium oxide, 
fluorine was removed. If the oxide could be efficiently 
reduced to the metal prior to the proton bombardment, 
this would not be necessary. In the reduction of natural 
cadmium oxide there was too much loss of cadmium by 
sublimation to jeopardize the small available supply of 
enriched cadmium oxide. 


II. 33-MINUTE INDIUM 107 


No previous assignment to indium 107 and no radio- 
active isotope in indium with a 33-min. half-life has 
been reported. 

When cadmium enriched in isotope 106 was bom- 
barded with deuterons and with protons, there was 
produced in the indium fraction a new radioactive 
isotope which decayed with a 33+2-min. half-life by 
emitting positrons and gamma-rays in excess of the 
annihilation radiation. The activity was followed for 
more than seven half-lives. After bombarding cadmium 
enriched in isotopes 108 or 110 with deuterons and with 
protons, no such activity was found. Therefore, the 
activity is attributed to either indium 106 or 107. 

The evidence in favor of indium 107 comes from the 
fact that cadmium 107, which is known to decay with a 
half-life of 6.7 hr., was found by irradiating cadmium 
106 with protons. However, it is conceivable that a very 
short-lived isotope could be located at indium 107 
instead of the isotope which decays with a 33-min. 
half-life. The mass assignment is thus made to isotope 
107 instead of 106. 

The positron energy of about 2 Mev was determined 
with the spectrometer counter. 


III. 4.3-HOUR INDIUM 109 


It has been reported that the bombardment of silver 
with alpha-particles produced a radioactive indium 
isotope which decayed with a half-life of 6.5 hr.? The 


2D, J. Tendam and H. L. Bradt, Phys. Rev. 72, 527, 1118 
(1947). 














RADIOACTIVE INDIUM AND TIN 


assignment of this isotope was to mass number 109. 
Later a similar experiment indicated a half-life of 5.2 hr.’ 

When cadmium enriched in isotope 106 was bom- 
barded with alpha-particles and cadmium enriched in 
isotope 108 was bombarded with deuterons and protons, 
there was produced in the indium fraction a radioactive 
isotope which decayed with a half-life of 4.30+0.15 hr. 
by emitting positrons and gamma-rays in excess of the 
annihilation radiation. The activity was followed for 
more than six half-lives. The positron- and gamma- 
activities both decrease with this half-life. The ratio of 
the ionization produced by the alpha-induced positron- 
and gamma-activities is about 12 for the ionization 
chamber used. This ratio for the same activities induced 
by protons is also about 12. However, for the alpha- 
induced activities of scandium 43 which decays with a 
3.92-hr. half-life, this ratio is about 93. 

This indium activity was not found after bombarding 
cadmium enriched in isotopes 106 or 110 with deuterons 
and protons, nor after bombarding cadmium enriched in 
isotopes 108 or 110 with alpha-particles. Therefore, this 
activity is attributed to either indium 108 or 109. If it is 
attributed to indium 108, the reaction Cd!°(a,mp)In'® 
would be required. The similar reaction Cd!*(a,mp)In"° 
would produce indium 110 which decays with a 1.1-hr. 


In’? ALUMINUM ABSORPTION 


In 
4.3-HOUR HALF-LIFE 
FROM 
Co'°6o+ a (20MEV) 
INOIUM FRACTION 








+ 
2 END POINT 
0.75 MEV 


X-RAYS 


ACTIVITY IN ARBITRARY UNITS 
I 


— ——s ee ew ewe ae ee es 


1455 


half-life, but this reaction was not detected with the 
energy used. If this 4.30-hr. activity is attributed to 
indium 109, the reaction Cd!(a,p)In'! would be 
required. The similar reaction Cd!°*(a,)In"™ was easily 
observed. Indium 111 decays with 2.84-day half-life. 
Therefore the isotope which decays with a 4.3-hr. 
half-life is assigned to indium 109. The expected 
daughter, silver 109 which decays with a 470-day half- 
life,* was not found as would be surmised from a con- 
sideration of the amount of this long-lived x-ray 
emitter that would be produced. 

The x-ray decay curve indicates also a 4.3-hr. half- 
life. Thus indium 109 decays also by K-electron capture. 
By the use of the calibrated ionization chamber the 
ratio of the modes of decay by K-electron capture to 
positron emission is found to be about 8 to 1. 

The energy of the positrons from indium 109 is 
0.75+0.05 Mev. The absorption curve and the histo- 
grams from which this was determined are shown in 
Fig. 1. 

Indium 109, which decays with a 4.3-hr. half-life is 
not to be confused with the well-known indium 115 
which decays with a half-life of 4.5 hr. The latter is 
characterized by gamma-emission and by 0.34-Mev 
internally converted electrons. 
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Fic. 1. Aluminum absorption of the alpha-induced activity and histograms of alpha- and deuteron-induced activities 
in indium 109. The energy of the positrons is shown to be 0.75 Mev. Point A on the ordinate scale of the absorption 
plot is the intensity of the total electromagnetic radiation from indium 109 for zero absorber thickness. 


3S. N. Ghoshal, Phys. Rev. 73, 417 (1948). 


4 Gum, Thompson, and Pool, Phys. Rev. 76, 184 (1949). 








1456 E. C. MALLARY AND M. L. POOL 


When cadmium enriched in isotope 110 was bom- 
barded with deuterons, indium 110 was produced. 
Indium 110 is known to decay with a 1.1-hr. half-life 
by emitting 1.6-Mev positrons. When cadmium enriched 


IV. 55-MINUTE INDIUM 108 
An isotope decaying with a 5-hr. half-life has been 
questionably assigned to indium 108. The reaction 
postulated is Ag(a,3m).* 
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Fic. 2. (A) Comparison of the positron-activity in indium resulting from deuteron bombardments of cadmium enriched in isotope 
110, and cadmium enriched in isotope 108. Indium 108 is shown to decay with a half-life less than 1 hr. (B) The comparison was 
facilitated by monitoring with the gamma-activity of indium 111 produced by the same deuteron bombardments. 
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in isotope 108 was given an equal bombardment there 
was produced in the indium fraction radioactive isotopes 
which decayed with about a 1-hr. half-life by emitting 
about 2-Mev positrons. The positron energy was 
measured with the spectrometer counter. The decay 
curves for both of these bombardments are shown in 
Fig. 2(A). Comparison of these positron-activities was 
facilitated by monitoring with the gamma-radiation 
from indium 111 which was also produced. Indium 111 
decays with a 2.84-day half-life. Figure 2(B) shows the 
decay curves for indium 111 produced by each of these 
bombardments. More than twice as much positron- 
activity resulted from the bombardment of cadmium 
enriched in isotope 108 than could be attributed to the 
cadmium 110 present in the cadmium enriched in isotope 
108. Therefore, the activity observed must have been 
composed of the positron-activity of indium 110 which 
decays with a 1.1-hr. half-life and the positron-activity 
of another indium isotope which decays with a half-life 
shorter than the approximate 1-hr. half-life measured. 
No indium isotope decaying with a comparable half-life 
is produced by bombarding either cadmium 106 or 110 
with deuterons. Therefore, this isotope is either indium 
108 or 109. 

Cadmium 106 bombarded with alpha-particles does 
not produce this activity in a measurable quantity. 
Since the reaction Cd(a,p)In has been observed and the 
reaction Cd(a,p)In has not been detected with the 
energy used, the isotope which decays with a half-life 
less than 1 hr. is assigned to indium 108. 


V. 4.5-HOUR TIN 108 


No previous assignment to tin 108 has been reported. 
It has been reported that a tin isotope was produced 
by a deuteron bombardment of antimony. The tin 
isotope decayed with 4.5-hr. half-life by K-electron 
capture to an indium isotope which decayed with a 
72-min. half-life by emitting 2.2-Mev positrons.5 

When cadmium enriched in isotope 106 was bom- 
barded with alpha-particles the intensity of the positron- 
and gamma-activities of the tin fraction increased 
initially; the tin fraction then decayed with a 4.5-hr. 
half-life. Figure 3(A) shows this initial build-up and the 
subsequent decay of the tin fraction. No such activities 
were found when cadmium enriched in isotopes 108 or 
110 were bombarded with alpha-particles. Therefore 
this activity results from bombarding cadmium 106 
with alpha-particles. 

When the activity of the tin fraction reached a 
maximum, indium was separated chemically. The 
activity of the remaining tin fraction then increased 
initially as shown in Fig. 4. The shortest half-life 
observed in the indium fraction was about 55 min. as 
also shown in Fig. 4. Positrons were emitted by the 
indium fraction. 

The energy of the positrons emitted by the tin frac- 


tion was about 2 Mev. The energy was measured by an 


5 G. T. Seaborg and I. Perlman, Rev. Mod. Phys. 20, 613 (1948). 
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Fic. 4. Decay of indium 108 and the build-up of the activity in 
the tin from which the indium was removed. Indium 108 was 
produced by the decay of tin 108. Tin 108 was produced by bom- 
barding cadmium 106 with alpha-particles. Indium 108, which 
emits positrons, is shown to decay with about a 55-min. half-life. 








aluminum absorption taken shortly after the activity 
reached a maximum. Figure 3(B) shows the absorption 
curve. Only one positron component was observed in 
the tin fraction and the indium, formed from the tin, 
decays by positron emission; therefore, the tin must 
decay primarily by K-electron capture. 

Since this tin isotope was made from an alpha-par- 
ticle bombardment of cadmium 106, it must be either 
tin 108 or 109. The daughter isotope in indium must be 
either indium 108 or 109. However, it has already been 
shown that indium 109 decays with a half-life of 4.3 hr. 
and that indium 108 decays with a half-life of less than 
1 hr. Therefore, the daughter isotope of the tin fraction 
is indium 108, and the parent tin isotope is tin 108. 

The gamma-activity of the tin fraction increases 
during the growth of the daughter indium 108. Thus 
gamma-radiation is associated with the decay of 
indium 108. The gamma-radiation is in excess of the 
annihilation radiation. 
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Assuming the symmetric coupling scheme proposed by Wheeler and Tiomno, and others, we have calcu- 


lated the ratio of the decay rate r-meson—>electron+neutrino to the decay rate of 7-meson—>y-meson 
+neutrino. The electron-neutrino decay proceeds faster, in disagreement with experiment, unless the 
-meson is pseudoscalar and the 6-decay coupling is pseudovector. Hence if the symmetric coupling scheme 
is corect and no other direct couplings are introduced, the x-meson must be pseudoscalar and §-decay must 
be at Jeast partially pseudovector. If symmetric coupling is not assumed, no conclusion of this kind can 


be drawn. 








LTHOUGH the z-meson appears to decay into a 

u-meson and a neutrino at least 100 times faster 
than into an electron and neutrino, the latter process is 
to be expected according to certain formulations of 
meson theory. We have therefore calculated the rate of 
the decay r— e+, and wish to mention the possible 
bearing of our results on the nature of the 7-meson and 
nuclear 6-decay. 

It is customary to assume that the z-meson is 
coupled directly to nucleons, in order to explain its 
production in nuclear collisions and to account, at least 
partially, for nuclear forces. Assuming further that the 
nucleons are Dirac particles, one then postulates a 
coupling of the form 


G(gptOon) vs, (1) 


or a similar coupling involving first derivatives. of yz, 
where O is some Dirac operator. This interaction leads 
to the real capture process 


N+7*-P*, 
but it also permits the virtual decomposition of the 7: 
at—Pt+N_, (2) 


where NV signifies an anti-neutron. 

On the other hand, to account for B-decay along the 
general lines of the Fermi or Gamow-Teller theories, one 
postulates the interaction 


g(en'A gp)(g'A gy), 


where A is also a Dirac operator. This interaction leads 
to the observed 6-process 


N—Pt+e-+», 
but it also leads one to expect the reaction 
P++N_—et+y. (3) 


The virtual decomposition (2) followed by (3) leads to 
the real decay 


at—et+y, (4) 


It can then be concluded that any theory which couples 
m-mesons to nucleons also predicts the r—(e, v) decay. 
This argument depends not on the existence of real 
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anti-neutrons, but only on the role of such particles in 
virtual processes. 

Since (4) has not been observed experimentally, we 
have compared its rate with that of the observed decay 


rt—yt+y, (5) 


To do this, a further hypothesis must be introduced by 
postulating the nature of the field interaction respon- 
sible for (5). One may assume a direct coupling between 
the z- and y-fields,| or one may assume that (5) goes 
indirectly. We have tested the symmetrical coupling 
scheme proposed by Wheeler and others,” according to 
which (5) goes indirectly. According to this scheme the 
following three processes 


p-capture p-+P—N-+», (6a) 
B-decay N—P+e—+», (6b) 
u-decay u—e—+ r+, (6c) 
result from the direct couplings 
Sal ent A yp) (prt A oy), (7a) 
go(en* Ber) (ot By), (7b) 
Se ort C py) (gr*C ye). (7c) 
All fields in (6) are spinor fields; A, B, and C are Dirac 


operators. 
It has been found? that g.=g:—g.. We have assumed 


£a= b= 8c 
and 
A=B=C. (8) 


These three couplings are thus assumed to be of the 
same nature and strength. According to the sym- 


1R. E. Marshak and H. A. Bethe, Phys. Rev. 72, 506 (1947); 
R. Latter and R. F. Christy, Phys. Rev. 75, 1459 (1949); Taketani, 
Nakamura, Ono, and Sasaki, Phys. Rev. 76, 60 (1949). 

2 J. Tiomno and J. A. Wheeler, Rev. Mod. Phys. 21, 153 (1949) ; 
O. Klein, Nature 161, 897 (1948); Lee, Rosenbluth, and Yang, 
Phys. Rev. 75, 905 (1948). 

3 Pseudoscalar B-decay does not give the agreement in coupling 
constants which makes the symmetric coupling scheme so at- 
tractive. 
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DECAY OF THE xr-MESON 


TABLE I. Ratio of r—>(e, v) to r—>(u, v)-decay for 
couplings (1) and (7). 
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TABLE II. Ratio of r—>(e, v) to r—>(u, v)-decay when the coupling 
of (1) involves first derivatives of y-. 











Type of B-decay 


Scalar * P-scalar* Vector P-vector Tensor 





Po Scalar $3 E ¥ f f 
§ P-scalar f 5.1 f 1.0 10~ f 
s Vector ft pi 4.0 f 2.4 

P-vector f Ff f 4.0 Di 








metrical scheme (5) is a second-order process 
at—Pt+N_, (9a) 
P++N_—yt-+>. (9b) 


The matrix element for (9b) is contributed by (7a). 
We have compared the rates of the two second-order 
decays (4) and (5) for various operators in the funda- 
mental interaction (7) and several meson field couplings 
in (1). The decay may progress through either of two 
intermediate states: (a) A m-meson disappears with the 
production of a pair of virtual nucleons which in turn 
are annihilated with the creation of a (yu, v)-pair. (b) A 
vacuum fluctuation produces a (y,v)-pair and a 
nucleon pair. The latter disappear with the absorbtion 
of the -meson. The transition probability is given by: 


1 3 
f dp > ) 
opon \2ue 


gx'(up'OunXun' Aup):(u,' Au) 
. ( 2Ep— Us 
(upt A uy): (uyt A uy) ge: (uy'Oup) 
2Ep+ wus ) 


h=c=1. yu, is the mass of the z-meson. up, uy, Uy, Uy 
are the spinors for free protons, anti-neutrons, mesons, 
and anti-neutrinos, respectively. y, is the amplitude 
of the 7-meson wave function. 2Ep is the energy of the 
virtual nucleon pair and the integration is over all 
momenta of the nucleons. This integration leads to a 
divergent answer for the two rates of decay r—e+v and 
m—ut+v. The same divergent integral appears in both. 
If this integral can be made finite the ratio of decay 
rates is independent of how this is accomplished. 

Taking wp=yy and using the masses p,=286, 
Mu=215, ue=1, u»=0, the ratio of density of final states 
for the competing decays is 





t1=2n|H|2p(E)= > 21g°G? 


Oyo p 








9 
« 


p(E), (10) 








pe(E)decay into (e, v) 
= 3.3 





py(E)decay into (p, s 


Table I gives the ratio of r—>(e, v) to m—>(y, v)-decay 
for couplings (1) and (7). Table II gives this ratio when 
the coupling of (1) involves first derivatives of y,. 
f signifies a forbidden transition for both processes. 
In most instances the decay of the x-meson is forbidden. 
The symmetric coupling scheme is in agreement with 


Scal 
5 Posie / ds J 10% 10-4 J 
s Vector f f 4.0 f 2.4 

P-vector F f £ f 2.4 








experimental facts only if the 2-meson is pseudoscalar 
(with either pseudoscalar or pseudovector coupling to 
nucleons) and the 8-decay coupling contains a pseudo- 
vector term. According to the table the (§-decay 
coupling may also contain arbitrary admixtures of 
scalar, vector, and tensor terms, since these do not con- 
tribute to the r—y or r—e decays. This result is in 
agreement with Wigner’s conclusion‘ that the evidence 
from nuclear 8-decay requires a pseudovector coupling 
and does not exclude scalar or pseudoscalar terms. 

The transition probability for the pseudoscalar 
meson decay is 


= (“)( vn) (““) (“—"") 
ri={ — — 
he 4 h’é h br 
bs “) ( ~*) 
x j-— 
647° u,” E, 


x{ neo {62-4+1}#)— 














mea Sie 


where @ is the cut-off momentum in units of wpC. A 
covariant calculation using an invariant cut-off pro- 
cedure of Feynman’ leads to the same expression with 
the bracket replaced by 


r (4up?— br’)? Mr F 
[m(—)+1-——=— sin-(=)] , (11a) 
bp Mr 2up 


where terms of order ywp/A and higher have been 
dropped. is a cut-off with the dimensions of mass. 
For large cut-offs both expressions are essentially equal. 
Although the expressions (11) are only logarithmically 
divergent, they are sensitive to the choice of cut-off. 
Choosing G?/ic=} and g=2X10-* erg-cm’, if 6=1, 
t=9X10-* sec.; 06=10, r=6X10-* sec.; 6=100, 
7=1X10-8 sec. Steinberger® has also calculated the life- 
time for this decay, and after cutting off with Pauli regu- 
lators, he finds 2X10-* sec. (pseudoscalar coupling). 
In view of the sensitivity of the result to the cut-off 
procedure, and in the absence of any reliable theory, 
we believe that no conclusion, either for or against 
symmetric coupling, can be drawn from a consideration 
of the absolute rate. We emphasize, however, that the 
ratios in the table are independent of the divergent 
integrals. The above calculation is also open to the 


4E. P. Wigner, Phys. Rev., to be published. 
5 R. P. Feynman, Phys. Rev. 74, 1430 (1948). 
6 J. Steinberger, Phys. Rev., to be published. 





objections (1) that it is based on the Dirac theory for 
the nucleons, including, in particular, the virtual role 
of the anti-nucleons and (2) that it employs the usual 
perturbation methods of field theory. If these objections 
are tentatively ignored, the calculation suggests that the 
symmetric coupling scheme is tenable only if the 
m-meson is pseudoscalar and 6-decay coupling is at 
least partially pseudovector. On the other hand, it is 
possible that a correct calculation of the divergent 
integrals will not agree with experiment even in the 
pseudoscalar case. In that event it would seem natural 
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to reject the symmetric coupling scheme in favor of 
direct 2-y-coupling.’ 

We wish to thank Dr. R. F. Christy for helpful dis- 
cussion. 

7 According to Lopes, Phys. Rev. 74, 1722 (1948) the hypothesis 
of direct x-y-coupling demands a pseudoscalar meson with pseudo- 
vector coupling if one wishes to retain the Yukawa scheme for 
B-decay. Yukawa (Rev. Mod. Phys. 21, 474 (1949)) has pointed 
out that this peculiarity of the pseudoscalar case can also be 
inferred from the earlier work of Sakata. However, according to 
more detailed calculations the direct coupling scheme does not 
give satisfactory lifetimes for 8-decay, even if the x-meson is 
pseudoscalar. 
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the result 


approximately 38 parts in 106 to 


not yet been verified. 


PRELIMINARY measurement of the gyromag- 
netic ratio of He* has already been reported in this 
journal.! In the present paper, a new series of measure- 
ments also based on the magnetic resonance method?* 
is reported using the same sample of He’, but in which 
the capabilities of the method were more fully exploited. 


MAGNETIC RESONANCE METHOD 

















The technique used was a refinement of the one which 
was used in a measurement of H’,‘ being quite similar 
to that developed by Bloembergen, Purcell, and Pound.® 
The sample formed the core of a small coil which was 
one element of a radiofrequency bridge. The coil and 
sample were placed in the magnetic field between the 
poles of an electromagnet, with the axis of the coil at 
right angles to that of the poles of the magnet. Under 
these circumstances, a nucleus with spin J may orient 
itself in 27+-1 ways with respect to the direction of the 
magnetic field, each having a different energy value. 
Transitions between neighboring states will be induced 
when the frequency of the signal applied to the coil 


1H. L. Anderson and A. Novick, Phys. Rev. 73, 919 (1948). 

? Purcell, Torrey, and Pound, Phys. Rev. 69, 37 (1946). 

* Bloch, Hansen, and Packard, Phys. Rev. 69, 127 (1946); 70, 
474 (1946); F. Bloch, Phys. Rev. 70, 460 (1946). 

4H. L. Anderson and A. Novick, Phys. Rev. 71, 372 (1947). 

5 Bloembergen, Purcell, and Pound, Phys. Rev. 73, 679 (1948). 
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Precise Measurement of the Gyromagnetic Ratio of He* 
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The gyromagnetic ratio of He? was compared to that of Hz gas by the magnetic resonance method with 


| y(He?) | /|-y(H2) | = 0.7617866+0.0000012. 


To obtain the nuclear gyromagnetic ratios, a diamagnetic correction must be made which raises this by 


lyHe'| /|-vp| =0.761815. 


Intensity measurements were consistent with a spin of 4. In nuclear magnetons, the magnetic moment 
uHe’=(—)2.12815 based on the value up= 2.79353 obtained by Taub and Kusch. The negative sign has 


satisfies the resonance condition, 
2rv=|y|H. (1) 


Here, y=u/hl is the ratio of the magnetic moment to 
the angular momentum of the nucleus, » is the fre- 
quency in cycles per second, and H is the magnetic 
field intensity in gauss at the nucleus. 

The magnetic field is modulated about the resonance 
value by a small amount at 30 cycles per second. 
Under suitable conditions,* the transitions which occur 
each time the resonance value of the field is traversed 
produce a change in the impedance of the coil and an 
unbalance of the bridge. Thus, the magnetic resonance 
effect produces a 30-cycle modulation in the radio- 
frequency signal which feeds the bridge, and this may 
be detected by means of an ordinary radio receiver. The 
extreme sharpness of the resonance which may be ob- 
tained makes possible the great accuracy of the method. 

It is seen that a measurement of yy requires a measure- 
ment of both the frequency v and the magnetic field H. 
Since v can be measured with much greater accuracy 
than H, it is preferable and also convenient to compare 
the value of vy with that of some standard nucleus in 


* A detailed exposition of the theory of the method and the 
conditions for observing the magnetic resonance effect may be 
found in the pioneer papers, references 2 and 5. 
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the same magnetic field. If, as is usual, the comparison 
is made with the light hydrogen nucleus, such an ex- 
periment measures 


¥ V 


: (2) 
y(H') »(H") 








The absolute value of y may be obtained by using the 
value of y(H')=(2.6752+0.0002) X10* gauss“ sec. 
obtained by Thomas, Driscoll, and Hipple.* To obtain 
a result in units of the Bohr magneton, the value 
u(H!) = (15.2106 10-*+0.005 percent) Bohr magne- 
tons for the magnetic moment of the proton obtained 
by Taub and Kusch’ should be used. 


SIGNAL INTENSITY 


The signal from the magnetic resonance is small at 
ordinary temperatures because only a small fraction of 
the nuclei in the sample contributes to it. This fraction 
is the excess of nuclei which, in thermal equilibrium, 
exists in the lower of the two energy states between 
which the transitions occur. It has the value (1/27+1) 
Xhv/kT=1.5X10-* for spin J=} at 20 megacycles 
and room temperature, the conditions of the present 
experiments. 

The occurrence of these transitions tends to equalize 
the population of the two energy states, and unless 
there is a mechanism which restores the thermal equi- 
librium rapidly enough, the magnitude of the signal 
will decay during the course of the observations. The 
nuclear magnetic relaxation effects, the processes which 
bring about thermal equilibrium in nuclear systems, 
have been studied in considerable detail by Bloem- 
bergen, Purcell, and Pound.® Some of their results are 
used in the discussion which follows. 

In He’ gas, the atoms are in an S state, and the only 
important relaxation mechanism is the interaction of 
the nuclear magnetic moments during collisions in 
the gas. The order of magnitude of the relaxation time 
may be estimated from the formula 


T,~)o{ d?/yu}?, (3) 


where y is the gyromagnetic ratio of He*, » the mag- 
netic moment of the atom with which it collides, d is 
the distance of closest approach, » is the relative ve- 
locity of the colliding atoms, and ) the collision mean 
free path. For pure He* at 10 atmospheres, this formula 
gives 7,~10° seconds. If, however, following a sug- 
gestion of Purcell, Pound, and Bloembergen,® ten 
atmospheres of oxygen gas are introduced, the relaxa- 
tion time is reduced to $ second. The amplitude of the 
signal which may be observed is increased more than a 
thousand-fold thereby. 

The other factors which determine the detectability 
of the magnetic resonance effect are evident from the 

6 Thomas, Driscoll, and Hipple, Phys. Rev. 75, 902 (1949). 


7H. Taub and P. Kusch, Phys. Rev. 75, 1481 (1949). 
8 Purcell, Pound, and Bloembergen, Phys. Rev. 70, 986 (1946). 






































following formula for the signal-to-noise ratio which 
has been given by Bloembergen, Purcell, and Pound,® 


A, V'QlathNyv'T.tT(I+1) 


An 24kT(RTBF)'T}} 





where V is the volume of the coil in cm’; Q is the ratio 
of the reactance to the series resistance of the coil; @ is 
a coefficient appropriate to the shape of the signal, the 
amount of the modulation swing, the shape of the modu- 
lating wave, and the characteristics of the indicating 
meter; ¢ is the fraction of the coil volume occupied by 
the sample; / is Planck’s constant; NV is the number of 
He’ atoms per cm*; v is the resonance frequency in 
cycles per second; 7? is the inverse line width expressed 
in seconds; J is the nuclear spin; & is Boltzmann’s 
constant; B is the equivalent bandwidth of the de- 
tecting system in cycles per second; F is the noise figure 
of the detecting system including the bridge; and 7; is 
the relaxation time in seconds. The factor 24 appears 
in the denominator instead of the factor 48 of the origi- 
nal formula because phase unbalance rather than ampli- 
tude unbalance of the bridge was used in the present 
experiments. 

The following values, appropriate to the present ex- 
periment, were either measured or estimated in a 
manner which will be made clear in the sections to 
follow. V=1.2 cm’, Q=240, a=0.4, ¢=0.46, N=2.7 
X10? cm, y=2.0X10* gauss“ sec.', v=20X 108 
sec.!, T-1.6X 10- sec., =}, T=300°K, B=} sec, 
F=4, T;=1 sec. These values give A,/A,=7 in good 





























Fic. 1. Experimental arrangement for observing magnetic 
resonance of He’ and H,O simultaneously. The mercury U tube 
is used to compress a mixture of He’, O2, and Hz gases into a small 
bulb in the center of the magnetic field. The small water compari- 
son : is close by but electrically shielded from the He’ 
sample. 
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Fic. 2. Twin “T” Bridge: This was used for observing the He?® 
resonance at 20.22 mc, and for the He resonance at 26.54 mc. The 
bridge was first adjusted to null by varying C and C’. By shifting 
C slightly off balance, the dispersion signal was obtained. By 
shifting C’ slightly off balance, the absorption signal was obtained. 


accord with the signal-to-noise ratio which was ob- 
tainable with careful adjustment of the equipment. 

A spin of $ would predict a signal-to-noise ratio 5 
times greater. Thus, the observed intensity is a strong 
indication that the spin of He? is 3. 


HELIUM SAMPLE 


The He*® sample was obtained from the radioactive 
decay of tritium. The tritium was made by neutron 
bombardment of Li® in the Hanford pile according to a 
method described elsewhere by Anderson, Novick, and 
Weil. Since He‘ is also produced in this reaction, it was 
first necessary to separate the tritium from it. This was 
done by means of a palladium valve, through which 





the tritium was passed and collected in a Pyrex bulb. 
At a subsequent time, the tritium (and light hydrogen 
impurity) was removed from the bulb by passing it 
through another palladium valve, leaving the He* gas 
behind. Gaseous impurities which may have accumu- 
lated in the course of these manipulations were re- 
moved by means of a charcoal trap. In this way, about 
10 cm® at N.T.P. of isotopically pure He* gas was 
prepared. 

In order to obtain a detectable signal from this 


- sample, it was mixed with an equal amount of oxygen 


gas and then sealed off in a Pyrex glass system in which 
it was possible to compress the mixture into a small 
bulb whose volume was nearly 1 cm’. A sketch of this 
system is shown in Fig. 1. The sample was isolated 
from a tank of compressed nitrogen by a mercury U 
tube. The compression of the sample could be adjusted 
by means of a pressure-reducing valve on the nitrogen 
tank. 

This sample of He* was prepared by Dr. Aaron 
Novick of the Chemistry Division of the Argonne 
National Laboratory, who carried through the extrac- 
tion of tritium from irradiated Li®. The detection of the 
magnetic resonance signal from this sample was re- 
ported shortly thereafter.! 

The initial experiments were made with a mixture 
of equal volumes of oxygen and He’ at a total pressure 
of 20 atmospheres. Later, hydrogen gas was added to 
this mixture through the mercury U tube by means of 
a fine stainless steel capillary which was flexible enough 
to be bent around the bend in the U tube. The volumes 
of the gases He*®, O2, and He were then in the propor- 
tions 1:1:0.37, respectively, and the experiments were 
carried out at a pressure of 24 atmospheres. 
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CALIBRATION SWITCH 


Fic. 3. Block diagram of radiofrequency system for simultaneous observation of magnetic resonance in He® and H.0. 
The means for precise measurement of frequency are also shown. 

















EXPERIMENTAL METHOD 


The He* sample was located within a small r-f coil 
and placed between the poles of an electromagnet. The 
magnetic field was modulated by a small amount by 
means of a 30-cycle current in a pair of modulation 
coils wound around the pole tips. At a steady value of 
the field sufficiently near the correct value, the mag- 
netic resonance effect could be expected to produce a 
30-cycle modulation of the radiofrequency signal. The 
problem was to detect this signal and distinguish it 
from the noise background. 

The coil was made a part of a bridge circuit between 
an r-f source and detector. By balancing the bridge, 
the carrier signal level was reduced enough so that it 
would not overload the detector. A narrow band 30- 
cycle lock-in amplifier was used which responded to the 
30-cycle modulation produced by the magnetic reso- 
nance effect and discriminated strongly against noise 
and other undesired signals. This is the method of 
Bloembergen, Purcell, and Pound,‘ and differs only in 
the type of bridge used. The weakness of the signal 
made it necessary to adjust the experimental pa- 
rameters with considerable care. In what follows the 
experimental conditions will be elucidated in sufficient 
detail to permit a reasonable evaluation of all the fac- 
tors which affect the signal to noise ratio (Eq. (4)). 

The coil was made of 12 turns of No. 18 enameled 
copper wire, and fitted snugly over the outside of the 
small Pyrex bulb in which the sample was contained. 
The coil was 14 mm long and had an inside diameter of 
9 mm. The sample bulb extended beyond the coil by 
about 2 mm at each end. Since the wall thickness of 
the bulb was about 1 mn, the filling factor ¢ was 0.46. 
The volume of the coil V was 1.17 cm’. 

In order to provide electrical shielding, this assembly 
was mounted inside a cavity in a copper block. The 
sample was centered in this cavity by means of small 
Bakelite wedges which served to reduce microphonic 
effects which would result from the vibration of the coil. 


TWIN “T” BRIDGE 


The coil was a part of a radiofrequency twin “T” 
bridge,® connection to which was made with copper 
coaxial line, 1 foot long, 3-in. O.D., and having a ca- 
pacity of 16 mmf. The circuit for the twin “T” bridge 
is shown in Fig. 2. This bridge has the advantage that 
the reactive and the resistance balance are controlled 
separately and independently by the variable conden- 
sers C and C’, respectively. The balance conditions are 


1 C 
reactive balance: —-=C+C,+C ( 1+), (5) 
1 


wl 
1 ey 
resistive balance: —=wC;C x( 1+— JR : 
R Cy’ 


°W. N. Tuttle, Proc. ILR.E. 28, 23 (1940). 
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Here, R is the equivalent shunt resistance of the coil, 
w is the angular frequency. The Q of the coil is the ratio 
R/wL and may be obtained from the circuit constants 
at balance. The resistor Rz was inserted to terminate 
properly the coaxial line from the oscillator and thereby 
facilitate input voltage measurements. The condensers 
C and C’ were of the conventional variable type, but 
were provided with special trimmers. Each trimmer 
was made of two small disks arranged with a fine slow- 
motion screw which could advance one toward the 
other. These made it easy to obtain a balance of better 
than 1 part in 10‘ for both the resistive and the reactive 
components. Since the balance of the bridge is fre- 
quency dependent, care was taken to avoid frequency 
modulation effects in the r-f generator. Best results 
were obtained with a crystal-controlled oscillator, and 
this was used in most of the work with the He’ sample. 

The conditions of operation of the bridge were de- 
termined by balancing it at 20.22 megacycles and then 
measuring the capacity of C and C’. The values C=65 
mmf and C’=39 mmf were obtained. The first value 
includes 18 mmf of distributed capacity in the con- 
nections to the coil. Equations (5) and (6) lead to 
L=0.89uh and Q= 240. The last value is fairly approxi- 
mate because of an uncertainty in the values of C; and 
C2. The r-f voltage across the coil may be obtained from 
a knowledge of the input voltage applied to the bridge 
by means of the following formula, obtained from an 
analysis of the bridge circuit at balance. 


| ee| i 
“(Slay © 
| es| es Cy’ 
which, in the present case, yields | e,|/|e,| =1.74. 
An analysis of the twin “T” bridge showed that the 
signal-to-noise ratio at the coil is reduced by a factor 


of 1.3 at the output terminals. The signal from the 
bridge was detected with a National HRO-5A radio 





















Fic. 4. Photograph of the experimental arrangement: The 
magnet has a 5-in. diameter pole and a 1-in. gap, and is shown 
with the He* sample in place. 
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receiver. The noise figure of this receiver is reported 
to be about 12. This noise figure was improved by pre- 
ceding the receiver with a single tuned preamplifier, 
using a 6AKS5 tube so that a reasonable value for the 
noise figure of the detecting system including the 
bridge was 4. 

A panoramic adapter connected to the output of the 
first detector allowed visual observations of the carrier 
signal and proved to be exceedingly useful in balancing 
the bridge and in the rapid adjustment of the circuits. 
The audio output of the receiver had to be modified 
slightly to improve its response at 30 cycles. It was fed 
into a narrow band 30-cycle amplifier followed by a 
lock-in amplifier copied from one described by Dicke.!° 
This system had an equivalent band width of about 3 
cycle, and its response was recorded by means of an 
Esterline-Angus recording milliammeter. A block dia- 
gram of the general arrangement is shown in Fig. 3. 


COMPARISON SAMPLE 


All of this equipment was duplicated to permit simul- 
taneous observations of the proton resonance in water. 
Various water samples were used, but in the last and 
best measurements, 0.06 cm* of water was used with a 
manganous ion concentration of 6.710!” ions/cm’. 
According to the data of Bloembergen, Purcell, and 
Pound,’ Fe***, which should have the same para- 
magnetic behavior as Mnt*, in this concentration pro- 
duces a relaxation time of about 0.1 second. The center 
of this sample was 1.4 cm from the center of the He’ 
sample and electrically shielded from it. The r-f coil 
which was wound on the outside of the glass tube had 
8 turns of No. 18 enameled copper with an inside di- 
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ameter of 4 mm. This coil was operated at 26.54 
megacycles. 

The oscillator for the water sample was not crystal 
controlled as was that for the He’*, but could be ad- 
justed in frequency so that both resonances could be 
recorded simultaneously. The water signal was strong 
enough to be seen visually on a cathode-ray oscilloscope 
connected to the audio output of the radio receiver. 
The horizontal sweep of this oscilloscope was driven 
by the same 30-cycle oscillator which was used to 
modulate the magnet. Visual observation of the water 
signal was used to find the resonance value of the 
magnetic field quickly. A preamplifier was not needed 
for the water sample. 


ELECTROMAGNET 


The electromagnet used in this work is shown in 
the photograph of Fig. 4. It has 5-in. diameter poles 
with a 1-in. plane parallel gap. A high voltage winding 
was used to allow the use of a rectified and filtered d.c. 
supply capable of delivering 1 ampere at 2500 volts. 
This winding was cooled by circulating oil. In the ex- 
periments described here, it was operated at 8640 
gauss with 0.695 ampere and at 6240 gauss with 0.430 
ampere. 

The magnet power supply and regulator is shown 
schematically in Fig. 5. The rectified output was well 
filtered to reduce to an unnoticeable extent the ripple 
in the current from the rectifier. The magnet current 
was regulated by means of a d.c. vacuum tube amplifier, 
the reference voltage for which was obtained from a 
manganin-wound 185-ohm resistor in series with the 
magnet. This resistor was cooled by the same oil which 
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Fic. 5. Electronically sta- 
bilized magnet current sup- 
ply. At 2500 volts, the total 
magnet current was 1 am- 

re, and the magnetic field 
in the gap was 10,000 gauss. 
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10R, H. Dicke, Rev. Sci. Inst. 17, 268 (1946). 
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Fic. 6. Typical records of simultaneous observation of the He* and H,O magnetic resonance signals with reactive unbalance of the 
bridge. The 30-cycle modulation amplitude was H,,=0.064 gauss. The resonance was traversed four times in the above portion of the 
record, twice from above and twice from below. The jogs which appear in the pattern are due to an unsteadiness in the magnetic field 
of about 1 part in 10°. Other irregularities were due to noise. The HO receiver was more noisy than usual when this particular record 


was taken. 
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Fic. 7. Typical records of simultaneous observations of the H, and H,O magnetic resonance signals 
with reactive unbalance of the bridge. 
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circulated through the magnet windings. The magnet 
current was adjusted by selecting the proper voltage 
from a battery box which bucked the voltage de- 
veloped across this resistor, and then raising the input 
voltage of the high voltage power supply to the point 
where the regulator operated in the sensitive part of 
its range. A motor-driven tubular potentiometer in this 
battery circuit was arranged so that the bucking voltage 
could be automatically varied slowly and linearly 
through the resonance value of the field. In some cases, 
the rate was as small as 0.005 volt/cm corresponding to 
a magnetic field change of 0.25 gauss/min. in the vi- 
cinity of 6240 gauss. When the resonance value of the 
field was traversed in this way, the Esterline-Angus 
instruments would record the amplitude of the 30-cycle 
component of the magnetic resonance signal. The 
fluctuation in the regulated magnetic field which oc- 
curred during the traversal of a resonance was usually 
less than 1 part in 10°. These fluctuations are respon- 
sible for some of the irregularities in the resonance 
patterns which are evident in the sample records shown 
in Figs. 6 and 7. 

A great deal of effort was devoted to the improve- 
ment of the uniformity of the magnetic field. Most of 
this was done by means of a lapping tool. The uni- 
formity of the field was checked after each lapping 
operation by means of a small water sample having 
7X10" manganous ions per cm*. This probe was 
mounted on a micro manipulator and could be moved 
about between the poles and so explore the field. The 
spatial variation of the field was followed visually by 
observing the position of the magnetic resonance signal 
on the cathode-ray oscillograph screen. The best uni- 
formity which was achieved was a variation of 1 part 
in 105 over an area 1 inch in diameter. The mechanical 
stability of the magnet was not sufficient to maintain 
this degree of uniformity for very long. When the mag- 
net was turned on again on the following day, the region 
which was uniform to this amount was noticeably 
smaller. Some improvement could be obtained by re- 
cycling the magnet, but the extended region of uni- 
formity could only be regained by further lapping. 
Since even a fairly slight pressure on the magnet pole 
could alter the value of the field by 1 part in 105, it was 
clear that it would be necessary to redesign the magnet 
to obtain a further improvement in the uniformity. 

It was possible to obtain a measure of the inhomo- 
geneity of the magnetic field over the He* sample in 
the following way: A sample of water having the same 
size as the He* sample was placed in the same position 
as was standard for the He*. Moreover, the radiofre- 
quency coil was made the same as for He*. The water 
sample had added to it 7X10! manganous ions per 
cm’ so that the relaxation time was about 75 second. 
The proton resonance signal from this sample could be 
observed on the cathode-ray oscilloscope screen. These 
signals showed a number of oscillations. These occur 
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when the inverse line width 72 is not too small.5" 
The oscillations are due to beats between the radio- 
frequency signal from the oscillator and the magnetic 
resonance signal. The frequency of the latter varies as 
the magnetic field is shifted off resonance, and its 
amplitude decreases as exp(//T2). By analyzing the 
decay of the oscillations, it was found that the inverse 
line width was T7;=1.6X10~ second. This is small 
compared to 7, and, provided the r-f input to the 
bridge is small enough, it must be due almost entirely 
to an inhomogeneity in the magnetic field of 3.8 parts 
in 10°. 


ADJUSTMENT 


With proper adjustment of the amplifiers, the re- 
sponse of the Esterline-Angus instrument is propor- 
tional to the 30-cycle Fourier coefficient of the input 
signal. In the present experiments, the dispersion signal 
(obtained by reactive unbalance of the bridge) was used. 
This signal increases with increasing values of the ro- 
tating component of the r-f field H;. It is desirable to 
set (yHi)*T:1T2>1 for the largest signal amplitude. 
However, excessive values of H; broaden the signal in 
a manner unsuited to a precise location of the center. 
For any given value of H;, there is an optimum value 
for H,,, the amplitude of the 30-cycle modulation field. 
Again, a large response requires (yH,,)?T:?>1. With 
excessive values of H,,, however, the signal as it appears 
on the Esterline-Angus record is broadened. There is 
also an optimum adjustment of the phase of the modula- 
tion current relative to the lock-in signal. 

Because of the weakness of the He’ signal, it was 
necessary to accept some amount of broadening in the 
interest of signal amplitude. What seemed to be an 
optimum compromise was found by empirical adjust- 
ment of H; and H,,. In the final experiments, the values 
were found to be H:=0.005 gauss, H,,=0.064 gauss. 
The value of H; was obtained from a measurement of 
the r-f voltage output to the bridge (e,=0.05 volt 
r.m.s.) and by making use of (7) and the approximate 


formula, 
2me2X107\ 3 
i= (——_) . (8) 
wLV 


The value of H,, was obtained by measuring with an 
audio frequency vacuum tube voltmeter the 30-cycle 
voltage induced in a pick-up coil of known number of 
turns and area inserted between the poles of the magnet 
at the sample position. 

A reliable measurement of the relaxation time was 
not made in the present work. However, the response 
obtained with the above value of 72 and several values 
of H, and H,, were consistent with 7,1 second. 
These values lead to a?=(yHm)*T2=4, b?=(yH:)*TiT2 


1B. A. Jacobsohn and R. K. Wangsness, Phys. Rev. 73, 942 
(1948). 
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Taste I. The difference in the resonance value of the magnetic 
field for He* and H: for various frequencies. 








H(He*) —H(H2) 
gauss 


+0.173 
+0.184 
— 0.046 
—0.065 
—0.058 
+0.391 
+0.402 
+0.388 
+0.151 
+0.132 
+0.132 
+0.132 
+0.115 
+0.110 
+0.108 
—0.081 
—0.113 
—0.081 
—0.079 


v(He) 
cycles/sec. 


20,221,180 
1,180 
1,180 
1,180 
1,180 
1,180 
1,180 
1,180 
1,180 
1,180 
1,180 
1,180 
1,180 
1,180 
1,180 
1,180 
1,180 
1,180 
1,180 


»(H2) 


cycles/sec. »(He?)/»(H2) 


0.7618064 
0.7618056 
0.7617799 
0.7617791 
0.7617784 
0.7618367 
0.7618363 
0.7618358 
0.7618038 
0.7618028 
0.7618020 
0.7618011 
0.7618001 
0.7617996 
0.7617990 
0.7617779 
0.7617771 
0.7617767 
0.7617766 














=0.4, 


: - (9) 
a’ sin’*p+0?+1 


a=— 
T 


1 ’ ab sin*pdp 
0 


the first harmonic Fourier coefficient of the Bloch dis- 
persion formula. A somewhat larger signal was obtained 
with H,,=0.12 gauss. This setting was used in some of 


the measurements. In this case, the value of a is 0.56. 
The signal obtained from the hydrogen gas in the 
sample was considerably stronger than the He’ signal. 
This is due to the shorter relaxation time in Hz. A 
preamplifier was not used in detecting the Hg signal. 
The Hp signal disappeared completely when the pres- 
sure in the sample bulb was reduced to 1 atmosphere. 
This was also the case for the He’ signal. Thus, there 
was no doubt that these signals originated in these 
gases and not in any of the surrounding material. 


FREQUENCY MEASUREMENT 


Precise measurements of frequency were made using 
a General Radio secondary frequency standard. This 
unit contains a temperature-controlled 100-kilocycle 
crystal oscillator followed by a set of multivibrators 
which produce square wave outputs at 100 kc and 10 
kc, and also at 1000 cycles and 100 cycles. The output 
of the 100-kc multivibrator contains useful harmonics 
of 100 kc beyond 36 megacycles. These harmonics were 
readily detected with a Hallicrafters SX42 communica- 
tions receiver. By mixing the output of the 10-kc multi- 
vibrator with the 100-kc multivibrator, it was easy to 
interpolate at 10-kc intervals between the 100-kc 
markers. Finally, mixing one of the oscillators at the 
input to the receiver produced an audible beat of this 
signal with each of the two neighboring 10-kc markers. 
This beat signal was connected to the vertical plates 
of an oscilloscope. By adjusting the frequency of an 
audio oscillator connected to the horizontal plates of 
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this oscilloscope, it was possible to obtain a circular 
pattern which symbolizes frequency equality of the two 
signals. The calibration of the audio oscillator was 
checked against the 100-cycle and 1000-cycle multi- 
vibrator outputs of the frequency standard; the fre- 
quency standard itself was checked against the 10- 
megacycle transmissions of WWV. In this way, the 
magnetic resonance frequencies could be determined 
as closely as the audio oscillator dial could be read. 
No attempt was made to improve this reading to better 
than +10 cycles. The block diagram of this arrange- 
ment is shown in Fig. 3. 

The drift in the frequency of the crystal oscillator - 
was usually not detectable. The frequency of the vari- 
able frequency oscillator was measured every two min- 
utes during a run. A drift of about 50 cycles in 10 
minutes was typical and easily followed. 


PROCEDURE 


Measurements were made by observing the magnetic 
resonance signals of He* and of H20 on the Esterline- 
Angus recorders, at the same time. The frequencies of 
the He* and the H,0 oscillators were fixed so that the 
two resonance signals would appear at almost the same 
value of the magnetic field. The magnet current was 
then slowly and automatically varied through the two 
resonances by means of the motor-driven potentiometer 
of Fig. 5. The two resonances were traversed first with 
the magnet current increasing and then with the magnet 
current decreasing. This was repeated a number of 
times. The measured quantity is the displacement be- 
tween the centers of symmetry of the two signals as 
recorded on the Esterline-Angus instruments. A typical 
pair of records is shown in Fig. 6. This displacement 
was measured alternately with field increasing and with 
field decreasing, always taking the average of these. 
By proceeding in this way, certain systematic errors 
were eliminated which might arise from time lags in 
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Fic. 8. Ratio of frequency of He*® and Hz oscillators plotted 
against difference in the resonance value of the magnetic field. 
The straight line is the least squares solution. The intercept at 
— =0 is the ratio of the gyromagnetic ratios of He® 
an 2. 





GYROMAGNETIC RATIO OF He? 


the apparatus or from non-linear inhomogeneities in 
the magnet field at the two samples. 

The H,O oscillator was then connected to both 
bridges so that the signal from the hydrogen gas which 
was mixed with the He*® sample could be compared with 
the signal from the water sample. This is essentially a 
measurement of the difference in the value of the mag- 
netic field at the positions of the two samples. The 
significant quantity is the difference between the dis- 
placements He’— H,0 and H:—H:0. This difference is 
a true measure of the difference in the resonance values 
of the magnetic field for He* and Hy for any given pair 
of frequencies. Since both the He* and the He signals 
were recorded with the same apparatus, possible in- 
strumental errors were largely eliminated. The fre- 
quency of the Hz oscillator was adjusted so as to give 
both positive and negative values of the He*— Hz dif- 
ference. Thereby, the frequency ratio for which the 
resonance value of the magnetic field for He*® and H» 
was the same could be established by interpolation. 
Observations made in this way on March 8 and 9, 
1949, are recorded in Table I. The measurements were 
taken with the magnetic field near 6234 gauss. Each 
difference in the resonance value of the magnetic field 
for He* and He was obtained by taking the average of 
the pair of displacements found for He*—H,O with in- 
creasing and with decreasing magnet currents, and 
subtracting the average displacement found for He 
—H.O which was —0.079 gauss. The value of »(He*)/ 
v(H2) at H(He*)—H(H2)=0, was found by a least 
squares solution to be 


vo(He*) 
= 0.76178649+0.00000045. 
vo(He) 


The precision measure indicated above is merely a 
measure of the self-consistency of the observations. The 
experimental error is certainly greater than this. 

A search was made for obvious systematic errors in 
the experiment. One possibility was an effect of the 
slight asymmetry in the signal as recorded on the Ester- 
line-Angus instrument. This was due in part to friction 
in the recording pen and in part to residual charge 
effects in the condensers of the lock-in amplifier. The 
presence of the asymmetry made it uncertain how to 
judge correctly the center of the magnetic resonance 
pattern. In the above experiment, the signal due to H: 
was about twice as large as that from He’, thereby 
opening the possibility of a small systematic error in 
the judgment of the centers of the two patterns. 

Accordingly, a new experiment was carried out and 
care was taken to adjust the receiver gain when ob- 
serving H; to give a signal amplitude more nearly equal 
to that of He*®. Several other parameters were changed 
as well. The 30-cycle modulation amplitude was re- 
duced from 0.123 gauss to 0.064 gauss, and the rate at 
which the magnetic field was varied was reduced from 
0.600 gauss/minute to 0.252 gauss/minute. Typical 
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TABLE II. The difference in the resonance value of the magnetic 
field of He* and Hz for various frequencies. 








H (He?) —H(H2) 
gauss 


v(H2) 
cycles/sec. 


26,544,266 
240 


v(He3) 
cycles/sec. 


20,221,180 
180 


v(H2)/v(He?) 


0.7617909 
916 
921 





+0.037 
+0.051 
+0.053 
+0.038 
+0.039 
—0.111 
—0.119 
—0.127 
—0.115 
—0.107 








records for He* and H,O and for Hz and HO are 
given in Figs. 6 and 7, respectively. The observations 
are collected in Table IT. In this case, the result was 


vo(He’) 
= 0.76178650+0.00000025, 


vo(H2) 


in excellent agreement with the previous result. This 
argues against the presence of instrumental systematic 
errors due to obvious causes. 

In Fig. 8, all the above measurements are plotted, 
together with the least squares straight line solution. 
The result is 


7(He’) 
=0.7617866+0.0000012. 
z (He) 


In starting this result, a limit of error is given which is 
four times larger than the precision measure obtained 
by calculating ((e*)s/N)* where é is the mean square 
deviation from the mean, and JN is the number of ob- 
servations. The limit is more than twice as large as 
the uncertainty in the frequency measurements, and 
more than 70 percent of all the observations fell within 
it. 

The systematic error which arises from the fact that 
an oscillating rather than a rotating r-f field is used” 
was, because of the small value of H; used here, too 
small to be significant. 

The paramagnetism of the oxygen present in the 
sample alters the value of the magnetic field at a given 
atom of He*. The time average value of the local field 
is increased by the fraction 4rx/3 because the time- 
averaged situation of the He*® atom is that it is in a 
spherical cavity surrounded by a paramegnetic medium 
of volume su:.ceptibility x. If the sample vessel had a 
spherical shape, it would cause a decrease in the value 
of the local field by an amount 47/3 so that the net 
result would be zero, at least in the first order in x. 
For the non-spherical vessel used here, the fractional de- 
crease in local field was about zx. Thus, the net increase 
in the local field for 10 atmospheres of oxygen at 20°C 
was about 0.5 part in 10°. However, since the situation 


12 F, Bloch and A. Siegert, Phys. Rev. 57, 522 (1940). 
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for the H: molecules was almost exactly the same, no 
correction was needed for this cause. 


DIAMAGNETIC CORRECTION 


The above frequency ratio is not strictly equal to 
the ratio of the nuclear gyromagnetic ratios of He* and 
H!, but refers rather to the gyromagnetic ratio of He’ 
atoms and He molecules. 

To obtain the nuclear gyromagnetic ratio, a correc- 
tion has to be made for the shielding effect of the 
atomic electrons. Such corrections have been discussed 
by Lamb® and can be made reliably, provided the elec- 
tronic wave functions are sufficiently well known. 
Lamb’s formula, derived for a spherically symmetric 
electronic distribution, may be written 


, 


oan 30°Z(1/r)w, 
H 


(10) 


where H’ is the magnetic field in the z direction pro- 
duced by the electron at the nucleus, H is the external 
magnetic field (taken in the z direction), a is the fine 
structure constant (1/a=137.02), Z is the number of 
electrons, and where the radial distance r is measured 
in units of the Bohr radius. In both He and He’, the 
shielding is due to two electrons so that the shielding 
in the two cases differs only in the value of (1/r)w. 
Although the electron distribution in He is not spheri- 
cally symmetric, the above formula should hold ap- 
proximately, since, in the present case, it is required to 
average the correction over all orientations of the 
hydrogen molecule. Further consideration of this point 
is in progress. 

For He, the formula for the electron density given by 
Nordsieck"* was used to calculate (1/r)w. For He’, 
several of the simpler variational wave functions given 
by Hylleraas'® gave fairly concordant results. The 
reduction of the magnetic field at the nucleus produced 
by the electrons was found** to be 32 parts in 10° for 
H, and 70 parts in 10° for He*. Accordingly, the ratio 
of the nuclear gyromagnetic ratios is increased to, 


l-yue?| /|vp| =0.761815. 


MEASUREMENT AT HIGHER FIELD 


The earlier measurements in He* were made at a 
higher value of the magnetic field, namely, 8641 gauss. 


18 W, E. Lamb, Phys. Rev. 60, 817 (1941). 

14 A, Nordsieck, Phys. Rev. 58, 310 (1940). 

15 E, A. Hylleraas, Zeits. f. Physik 54, 347 (1929). 

**T am indebted to Mr. Herbert Kanner for checking these 
calculations for me. 


HERBERT L. ANDERSON 


At this time, the hydrogen had not yet been added to 
the He*® sample. Measurements were made in the same 
manner as described above except that only He’—H,0 
comparisons were made. Comparisons were made with 
tiny water samples placed at three different positions 
around the He* sample and at a distance of about 1 
cm from its center. A survey of the magnetic field was 
made using the probe so that differences in the value 
of the magnetic field at the positions of the samples 
could be taken into account. The result obtained was 


y(He*)/y(H2O) = 0.761779+0.000014. 


The uncertainty given here is due to the uncertainty 
in the knowledge of the magnetic field at the samples. 
This result is of interest because it shows that within 
the limits of error which are given, the ratio of the gyro- 
magnetic ratios is independent of the magnitude of 
the magnetic field which is used in its measurement. 


REMARKS 


Villars'® has interpreted the anomalous moments of 
H? and He’ as being due to the existence of an exchange 
moment in these nuclei. In an earlier note to this 
journal,!” the value of this exchange moment was 
calculated by correcting the observed moments for the 
effect of the orbital motions using the theory developed 
by Sachs and Schwinger'* and of Sachs.!® At that time, 
there was a possibility that the anomaly might be 
due to orbital motions. The moment of He’® is now 
known accurately enough so that this possibility can be 
definitely excluded. 

It is to be hoped that this addition of precise know]- 
edge about the magnetic moment of He?’ will provide a 
clue to the nature of the nuclear field. 
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The ratio, R=o-pairs/o-triplets= C(Z*) .¢/Z.7 for three gases, CH,, air, and argon, has been studied and 
C found to be 3.63, 3.97, and 4.11, respectively. The average value of C from these data is 3.92+0.26. The 
gamma-rays from F!°(p, «)yO"* were used in this experiment. The measured energies of the gamma-rays as 
deduced from pairs formed in CH, are 6.130.06 and 7.12+0.07 Mev. Data on the energy distribution of 
the low energy negative electron of the triplet are included. 





INTRODUCTION 


HE production of an electron pair by a gamma-ray 
has been known for some time. In order that both 
energy and momentum be conserved, a third particle 
must be present in this process. 
It is known that the threshold energy for pair pro- 
duction is 


hv=2mc(1+m/M), 


where hy is the threshold energy, m the rest mass of the 
electron, and M the rest mass of the particle in whose 
field the pair is created. 

In general, the formation of an electron pair takes 
place in the field of the nucleus of the absorbing atom. 
The threshold energy is then approximately 2mc* and 
the cross section is proportional to Z? where Z is the 
atomic number of the absorbing medium. 

Perrin! in 1933 suggested the possibility of the forma- 
tion of an electron pair in the field of an electron. The 
threshold energy for this case is 4mc*. The cross section 
should be proportional to Z, there being Z electrons 
about a nucleus of charge Z. 

One of the significant differences between these two 
cases of pair production is that in the former, although 
the nucleus may take considerable momentum, the 
energy it receives is small, whereas in the case of pair 
formation in the field of an electron, the energy of the 
recoil electrons may be appreciable. In a Wilson cloud 
chamber the latter process will give rise to a “triplet” — 
three electron tracks starting at one apex, one positive 
and two negative (one of the two negative electrons 
being the electron about which the electron pair was 
formed). 

In 1938 da Silva? reported finding one triplet starting 
in a lead foil. In 1941 Shinohara and Hatoyama* ob- 
served one triplet which occurred in the gas of a cloud 


* Assisted by the joint program of the ONR and the AEC. 

** Preliminary reports on these data have been given, (a) J. A. 
Phillips and P. Gerald Kruger, Phys. Rev. 72, 164 (1947); (b) 
J. A. Phillips and P. Gerald Kruger, Phys. Rev. 74, 1259 (1948) ; 
f A. Phillips and P. Gerald Kruger, Phys. Rev. 75, 1289 
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1F, Perrin, Comptes Rendus 197, 1100 (1933). 

2A.M. da Silva, Ann. d. Physik ‘lL, 504 (1939). 

*K, Shinohara and M. Hatoyama, Phys. Rev. 59, 461 (1941). 


chamber. Groshev‘ looked for triplets while examining 
pairs produced in nitrogen, krypton, and xenon. While 
observing 435 pairs, no triplets were found. K. Zuber® 
also looked for triplets in argon and although 142 
pairs were found, no triplets were observed. 

Ogle and Kruger® in 1945 obtained two triplets in a 
cloud chamber using the gamma-rays from radioactive 
sodium. Momentum and energy were found to be con- 
served in both triplets within experimental error. 

It was the purpose of this investigation to determine 
as accurately as possible the ratio of the cross section 
for pair production in the field of a nucleus to that for 
triplet production at one gamma-ray energy. Examples 
of electron pairs and triplets are shown in Figs. 1, 2, 
and 3. 


SOURCE OF GAMMA-RAYS 


The source of gamma-rays was obtained by bombard- 
ing crystals of CaF: by protons accelerated in the cyclo- 
tron of the University of Illinois. The reaction that is 
believed to occur is as follows: 


gF 9+ ,H'—[oNe” }->,0"*-+ He’, 
| 
gO'* + hv. 


The above scheme is necessary since it has been found 
that the gamma-ray energy is independent of the bom- 
barding energy of the protons. 

For some time the gamma-ray spectrum was thought 
to consist of a single line at 6.4 Mev.’ Recently, Walker 
and McDaniel® and Rasmussen, Hornyak, and Laurit- 
sen’ have reported two lines. The reported values in- 
cluding those from this study are given in Table I. 

Protons are accelerated in the cyclotron to an energy 
of 5 Mev. A molecular hydrogen beam could be obtained 
with the same cyclotron adjustments as for deuterons. 
During the greater part of the experiment, a 4 ya 
molecular hydrogen beam, equivalent to 8 ua of atomic 
hydrogen, was used. 


4L. V. Groshev, J. Phys. Acad. Sci. U.S.S.R. 5, 135 (1941). 

5K. Zuber, Helv. Phys. Acta 15, 38 (1942). 

°W. E. Ogle and P. Gerald Kruger, Phys. Rev. 67, 282 (1945). 
as oo Lauritsen, and Lauritsen, Rev. Mod. Phys. 20, 236 

948). 

8 R. L. Walker and B. D. McDaniel, Phys. Rev. 74, 315 (1948). 
on™ Hornyak, and Lauritsen, Phys. Rev. 75, 1462 
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Large pieces of natural CaF? crystals were used as the 
target. Six inches in front of the CaF, target was a 
“beam shutter” made of copper which normally kept 
the beam from striking the CaF; target. Immediately 
before an expansion of the cloud chamber this shutter 
was pulled aside by an air ram. 


THE APPARATUS 


A 12-in. Wilson cloud chamber operating at a pres- 
sure of 1.75 atmos. was used. Since the cyclotron was 
to be used with the cloud chamber, it was desirable to 
decrease the cycle time of the chamber as much as 
possible. James L. Lawson! has pointed out that the 
cycle time of a cloud chamber can be reduced by over- 
compression. Following his suggestion a second piston 
was installed, designed so as to allow an overcompres- 
sion of the main chamber (for a few seconds immediately 
after an expansion) before coming back to the normal 





Fic. 1. Two stereoscopic views obtained in a cloud chamber 
filled with air of an electron pair created in the field of a nucleus. 
The gamma-rays are incident in the direction of the arrow. 


10 James L. Lawson, private communication. 
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compressed position. This allows the chamber to come 
to thermal equilibrium earlier than would otherwise 
occur, and old tracks evaporate faster. Thus, not only 
has the cycle time of the chamber been reduced but more 
radiation can be allowed to enter the chamber during 
each expanison. It has been found that with a normal 
expansion ratio of 1.19 for methane the overcompression 
ratio (i.e., normally compressed volume to overcom- 
pressed volume) was 1.03 for best performance. This 
resulted in a decrease of the cycle time of the cloud 
chamber, methane-filled, from 36 sec. to 23 sec. and 
permitted operation with twice the gamma-radiation 
entering the chamber as compared to non-overcom- 
pression. 

The cloud chamber is provided with two field coils, 
placed one above the other so as to give a uniform field 
in the usuable portion of the chamber. A current regu- 
lator kept the current (for a few seconds before and 
during the expansion of the cloud chamber) to within 
+0.5 percent and usually to within +0.25 percent of a 
predetermined value. 

The magnetic field was measured by two different 
methods. Using a super-regenerative detector method of 
Roberts" of measuring a magnetic field with the mag- 
netic moment of the proton, a resonant frequency of 
6.895+0.011 mc/sec. was obtained. Using a value for 
the gyromagnetic ratio of the proton of 2.67510! 
radians/sec. gauss, the calculated magnetic field was 
1619.6+-9.1 gauss: Also, a separate determination was 
made using flip coils and a standard mutual inductance. 
Averaging the results of the latter method where three 
coils were used gives 162311 gauss. An average value 
of the two methods (1621.5+7.3 gauss) was used 
throughout the experiment. 

The camera, which was automatic, was provided with 
an Eastman Kodak Ektar f{/2 coated lens. Eastman 
Kodak Super XX 35-mm film was used with an exposure 
of 1/20 sec. The film gate of the camera was so designed 
that the film could be repositioned accurately after an 
exposure in the camera. 

A mirror box, between the camera and cloud cham- 
ber, allowed stereoscopic pictures of the chamber to be 
taken during each expansion. Thus, when an exposure is 
reprojected through the optical system it is possible to 
determine accurately the position of any track in the 
cloud chamber. 


COLLIMATION OF THE GAMMA-RAYS AND 
SHIELDING OF THE CHAMBER 


The cloud chamber is located outside of the 4-ft. 
thick water tanks which completely surround the cy- 
clotron as shown in Fig. 4. A 6-in. I.D. pipe extends 
through the water tank on a line between the target and 
the cloud chamber. A paraffin plug 3 ft-long and 6 in. 
O.D. lies inside this pipe at either end of which is a 
6-in. long lead plug. Extending through these plugs and 


11 A. Roberts, Rev. Sci. Inst. 18, 845 (1947). 
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lined up between the target and the cloud chamber is a 
1-in. diameter hole. The 7-in. long target is so tilted 
that the front faces of the crystals are exposed to this 
1-in. hole. A 1-in. diameter hole was machined in the 
side of the target box in line with the collimator and 
covered with a 0.005-in. aluminum foil. As neutrons 
caused a number of recoil protons which badly fogged 
the chamber, a 4-in. block of paraffin was placed im- 
mediately in front of the collimator passing through the 
water tanks on the cyclotron side. 

Appreciable gamma-ray shielding around the cham- 
ber was necessary. A partial shield from general radia- 
tion from the cyclotron is afforded by the 4-ft. thick 
water tank in front of the chamber. Two and one-half 
tons of lead has been placed around the cloud chamber 
most of which has been concentrated between the water 
tanks and the cloud chamber with only a small fraction 
around the sides and backs of the chamber. Satisfactory 
shielding has been achieved, since, of the several 
thousand electron pairs observed in the chamber, 
none were found to lie outside the collimated region. 


MEASUREMENT OF GAMMA-RAY ENERGIES 


Gamma-ray energies were determined by measuring 
the energies of electron pairs which were formed in the 
gas of the cloud chamber. A set of criteria were estab- 
lished and if a pair could satisfy these, measurements of 
the radii of the electron tracks were made. The criteria 
to be satisfied for the acceptance of a measurable pair 
were as follows: 


(a) Both electron tracks, one positive and the other nega- 
tive, must be of the same age and density and have a sharp 
and clearly defined apex. 

(b) Both electron tracks had to lie within 10° of the plane 
of the cloud chamber which is perpendicular to the magnetic 
field. 

(c) Each track of the pair must have no obvious large angle 
single scattering unless the track was long enough to obtain 
a good measurement without including the scattered region. 


The measurement of a pair consisted in reprojecting 
the photograph through the camera and mirror system 
used to take the picture. The two stereoscopic images 
(one the direct view and the other the reflected view 
from the mirror) were observed through a ground glass 
screen. By manipulating the ground glass screen the 
two images could be made to coincide and thus, if no 
errors were present in the system, the original position 
and shape of the track in the cloud chamber could be 
determined. 

Several tests have been carried out to determine with 
what accuracy the optical system could reproduce a 
given set of circles. A system of circles was photo- 
graphed, reprojected, and measured. Measurements 
made a few weeks after processing, when the film 
was completely dry, showed that the optical system 
could reproduce a circle to within an accuracy of +0.5 
percent. 

A measuring engine has been used by which the 


sagitta for a given cord of a circle can be measured. 
These data are then sufficient to determine the radius 
of curvature. The practice which has been followed in 
measuring the energies of electron tracks is to measure 
the sagitta of each track five times for each of 2 cords. 
These measurements are repeated several days later. 
Thus four values for the radius of curvature of each 
track are obtained. If a measurement cannot be re- 
peated to within at least 3 percent, the pair has been 
discarded. Pairs will then be discarded if the film can- 
not be repositioned in the camera or if large angle single 
scattering is treated differently in the two sets of 
measurements. 

A serious limitation to this method of gamma-ray 
energy determinations is the small angle scattering 
which occurs in the gas of the cloud chamber. To obtain 
an estimate of the probable error introduced by scatter- 
ing the treatment of Rossi and Greisen” has been used 





Fic. 2. A photograph of an electron pair created in the field of an 
electron. The direction of the gamma-ray is shown by the arrow 
and one of the two negative electrons is the electron in whose field 


the pair was formed. 
12 B. Rossi and K. Greisen, Rev. Mod. Phys. 13, 268 (1941). 
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TABLE I. Gamma-ray energies from F!9(p, a)yO". 








Walker and McDaniel 6.13+0.06 Mev 6.98+0.07 Mev 

Rasmussen, Hornyak, and 6.16+0.04 Mev 7.06+0.06 Mev 
Lauritsen 

Authors 6.13+0.06 Mev 7.12+0.07 Mev 








Their results have been verified by Smith and Kruger™ 
within experimental error. 


MEASURED ENERGIES OF THE GAMMA-RAYS 


Eighty-seven electron pairs in CH, were found to 
satisfy the above selection criteria. Each pair was 
measured as has been described. A histogram of the 
distribution of energies of the pairs is shown in Fig. 5. 
It appears that there are two gamma-ray lines. Aver- 
aging the energies of the individual pairs in each peak, 
the energies 6.13+0.06 and 7.12+0.07 Mev are ob- 
tained: The assigned errors have been determined by 
considering the probable error in the magnetic field 
measurement, non-uniformity of the magnetic field in 
the plane of the chamber, reproducibility of tracks by 
the optical system, and the probable error from the 
mean of the energies of the individual electron pairs. 

The number of pairs under the 6.13-Mev peak is 30 
and under the 7.12-Mev peak there are 57 pairs. The 
cross section“ for pair production at 6.13 Mev is 
1.37107?" Z? and at 7.12 Mev is 1.57XK10-? Z*. Thus, 
correcting for the cross sections at these energies, the 
7.12-Mev line is about 1.70.4 times as intense.as the 
6.13-Mev line at a bombarding energy of 5 Mev. 

Early in this investigation**™ two strong lines with 
some evidence for three weaker lines were reported from 
measurements of 40 electron pairs formed in air. Sub- 
sequently, the magnetic field was remeasured as de- 
scribed above and found to be higher than had been 
previously determined. 

Two of these lines, when corrected by use of the more 
accurate magnetic field value, agree with the data here 
presented, but it appears that small angle scattering 
in air is sufficient to make this gas unreliable for elec- 
tron energy determinations. 


DETERMINATION OF THE RATIO OF 
PAIR TO TRIPLET PRODUCTION 


From the present experiment, in agreement with 
others, the gamma-ray energies from F(, a)yO lie 
between 6 and 7 Mev. Since the ratio of the cross sec- 
tions for pair and triplet production is not expected 
to vary widely over this interval, the energy of each 
pair and triplet has not been measured. Thus only the 
total number of pairs and triplets observed are con- 
sidered sufficient to determine the ratio of the cross 
sections for a gamma-ray energy of about 6.5 Mev. 


18 L. W. Smith and P. Gerald Kruger, Phys. Rev. 72, 357 (1947). 
“W. Heitler, The Quantum Theory of Radiation (Oxford 
University Press, London, 1936), p. 200. 








PHILLIPS AND P. G. KRUGER 


The criteria for.a countable pair were as follows: 


(a) Two electron tracks of the same age appear to start at 
a single point in both stereoscopic views, the curvature of the 
tracks being such that one would have been made by a posi- 
tron and the other by a negative electron. 

(b) The density of the two electron tracks must be constant 
along the tracks near the apex. 

(c) The region immediately about the apex must be free of 
other tracks such that if there were another electron track 
leaving the apex it would of a certainty be observed. 


The criteria for a countable triplet were similar: 


(a) Three electron tracks of the same age must start from 
a single point, the curvature of the tracks being such that if 
all three tracks originated at the apex one would be a positive 
electron and the other two negative electrons. 

(b) The density and sharpness of the three electron tracks 
must be the same and constant along the track near the apex 
in so far as the relative energies of the three electrons allow. 

(c) When reprojected through the camera and mirror sys- 
tem and observed by means of a ground glass screen the three 
tracks must be seen to converge and meet at a single point. 





Fic. 3. An example of an electron pair created in the field of an 
electron in which one of the negative electrons had low energy. 
The gas of the cloud chamber is air and the magnetic field is 1622 
gauss. 
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PRODUCTION OF ELECTRON PAIRS 


The pictures were all examined twice by means of a 
Spencer delineascope. Any doubtful pair was examined 
by a magnifying lens or reprojected through the camera 
and mirror system and examined more critically. 


DETERMINATION OF (2°) .;/Z. 


Three gases (methane, air, and argon) were used in the 
present experiment. The ratio (Z*).;/Z.; for each gas 
was calculated per molecule of the gas; for example, in 
methane the effective Z? for the production of pairs per 
molecule will be 40 (36 for the carbon atom and 1 for 
each of the four hydrogen atoms). The total number of 
electrons in each molecule is ten. Hence, if the cross 
section for pair production is purely additive, the ratio 
of (Z?).7; to Z-¢ for methane will be 40/10 or 4. Through- 
out the experiment a 50:50 mixture by volume of al- 
cohol and water was used. At 20°C the vapor pressure!® 
of alcohol is 2.19 cm Hg and of water 1.46 cm Hg. When 
the presence of these vapors are included the effective 
Z*/Z for each gas was calculated to be as shown in 
Table II. 


RESULTS FOR THE RATIO OF PAIR TO TRIPLET 
PRODUCTION 


The data that were obtained for the three gases are 
shown in Table ITI. 

From these data a weighted average of 3.92+0.26 
Z/Z is obtained for the ratio of pair production in the 
field of a nucleus to pair production in the field of an 
electron. 

Six hundred and sixteen pictures were taken with 
hydrogen in the cloud chamber and 728 pictures with 
helium. The sensitive time of the chamber when filled 
with these gases was found to be so short that the 
number of pictures necessary to obtain enough triplets 
to determine the cross section for triplet production 
with some accuracy was so large as to make the use of 
these gases impractical. 


SOURCES OF ERROR 


(1) There was some concern as to whether a few 
triplets would be missed and counted as pairs owing to 
the low energy negative electron having such a small 
energy that its range would not be long enough to be 
detected in the cloud chamber. A simple calculation, 
however, from the conservation of energy and momen- 
tum shows that the minimum energy this electron may 
have is 2 mc?(mc*/hv). At a gamma-ray energy of 6.5 
Mev this corresponds to an energy of about 6 kev which 
will have a range of about 0.2 cm in the cloud chamber. 
An electron of this range is probably just too short to 
be observable. The lowest energy negative electron of a 
triplet observed had an energy of about 20 kev with a 
range of 0.65 cm. As triplets having a track of 0.5 cm 
in length should be easily seen it is believed that there 


(1946) Das Gupta and S. K. Ghosh, Rev. Mod. Phys. 18, 280 
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Fic. 4. A schematic diagram showing the location of the cloud 
chamber with respect to the cyclotron. A 1-in. hole through lead 
plugs in the water tanks surrounding the cyclotron collimates the 
radiation from the target. 


is not an appreciable number of triplets having a track 
too short to be seen. 

(2) Selections of triplets are based only on observa- 
tions made on the projected image of the triplet by the 
optical system. To satisfy the selective criteria the 
tracks would have to be sharp and distinct, especially 
near the apex with the region immediately about the 
apex free from all other tracks. With so many variables 
affecting the operation of a cloud chamber it is difficult 
to keep the quality of tracks unchanged over long 
periods of time. There may have been a few real triplets 
which were rejected as there was some doubt as to 
whether the tracks met at a point or crossed due to 
fuzzy broad tracks. Since any doubtful triplet was dis- 
carded, the number of triplets accepted is probably too 
small rather than too large. The number of triplets 
about which there was some doubt was about 1 per- 
cent of the total number of triplets. 

(3) There is a possibility that a pair and a photo- 
electric or Compton electron may start so close to- 
gether that they might appear to form a triplet. In 
order to estimate the probability of this happening, the 
number of photoelectric and Compton electrons in 
each of several expansions were counted. A cylindrical 
volume about the apex of a pair 1 mm in diameter and 
2 mm long was defined as that volume such that if a 
photoelectric or Compton electron started in this re- 
gion a possible ‘“confusable” triplet would result. 
The data on this point for the three different gases is 
shown in Table IV. 

The probability of a “confusable” triplet is still 
smaller than that shown in Table IV. Here the average 
total number of photoelectric and Compton electrons 
appearing per picture were used. Many of the photo- 
electric and Compton electrons are of so high an energy 
that if one such electron appeared in a “confusable” 
region the triplet would be discarded since it would 
obviously have too high a total energy. Again, the 
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TABLE II. Calculated (Z*).;/Z.¢ for the gases used in the cloud 
chamber corrected for alcohol and water vapors. 
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TABLE IV. Data for the determination of the possible 
number of “‘confusable” triplets. 





Gas (Z2)es/Zef 


Methane 4.07 
Air 7.35 


Argon 17.7 











TABLE III. Data obtained for the determination of the 
ratio of pair to triplet production. 








CH, Air 
13,362 19,295 11,672 
1,430 3,441 6,484 
97 118 89 
4.07 7.35 17.7 


3.63+0.41 3.9740.41 4.1140.53 


Gas in cloud chamber Argon 


Total number of pictures 
Total number of pairs 
Total number of triplets 
(2?) ef. / Z ef 

o-pairs Lef =C 
o-triplets \(Z*) « 











photoelectric and Compton electrons were of all ages 
and densities while in an acceptable triplet the ages and 
densities of all three tracks must be the same. Therefore, 
the probable number of “‘confusable” triplets in air and 
methane are negligible and in argon might be as high 
as 1 percent of the total triplets observed. 


ENERGY DISTRIBUTION OF THE RECOIL ELECTRON 


Measurements have been made on the energy of all 
the low energy negative electrons of the triplets ob- 
served in CH, and air. This proved difficult since only 
a small fraction of these tracks can be expected to lie in 
the plane of the chamber perpendicular to the magnetic 
field. Also, these tracks, caused by slow electrons, will 
suffer appreciable scattering in the gas of the chamber. 
In general, the energy was determined by measuring the 
radius of the track in the plane of the track which ap- 
proximated its curvature most closely. The angle of the 
plane of the track with the direction of the magnetic 
field was measured and the component of the magnetic 
field perpendicular to this plane calculated. (This is an 
approximation since such a track in reality is a helix. 
A detailed analysis, however, was impossible since most 
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Fic. 5. A histogram of the distribution of energies of electron pairs 
formed in the gas of the cloud chamber. 





CH, Air 
9.22 16.2 


0.016 0.028 
0.46 2.0 


Gas in cloud chamber Argon 


Number of photoelectric or Comp- 7.0 
ton electrons per picture 

Percent of total pairs that might 0.012 
form a confusable triplet 

Percent of triplets which might be 0.18 
a confusable triplet 








tracks were short—the usable portion of the chamber 
being only 1} in. high.) The lowest energy electrons 
were measured by range if it was certain that the entire 
track could be seen. Range energy relationships of 
Das Gupta and Ghosh” were used. It is estimated that 
the measured energies are correct to within about 50 
percent for electrons having energies between 20 and 
500 kev and about 30 percent for those electrons having 
energies above 500 kev. The results of these measure- 
ments are shown in Table V and Figs. 6 and 7. 


CONSERVATION OF MOMENTUM 


Since it is possible to observe all the particles taking 
part in the formation of a triplet (the direction and 
energy of the gamma-ray known from’the collimation 
of the radiation and measurements of the energies of the 
three electrons), it should be possible to show that 
momentum is conserved in the process. There were 25 
cases in which this measurement was attempted. A life- 
size enlargement was made of the triplet through the 
original optical system. From this enlargement the 
centers of the circles which most closely approximated 
the tracks of the electrons were determined. Then 
the angles at which the electrons left the apex were 
measured. 

Since in most cases the energy of the low energy 
electron is small and the effects of scattering on angles 
and energy measurements so large the results are not 
very significant. The triplets measured show a large 
spread in energies, and in many cases just as good agree- 
ment could be made with the known gamma-ray en- 
ergies if the energy of the low energy negative electron 
were ignored. About the most that can be said is that 
momentum is conserved within experimental error, 
but as a criterion for the selection of triplets formed in a 
cloud chamber, conservation of momentum is im- 
possible. 


DISCUSSION OF RESULTS 
1. Energy and Intensity of the Gamma-Rays 


There seem to be two gamma-ray energy lines when 
CaF: is bombarded with 5-Mev protons—one at 6.13 
+0.06 Mev and the other at 7.120.07 Mev. The ratio 
of the intensities of these lines from these data is about 


16 N. R. Das Gupta and S. K. Ghosh, Rev. Mod. Phys. 18, 225 
(1946). 
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TABLE V. Measured energies of the low energy negative 
electron of triplets formed in methane and air. 


(Three triplets have Emin~ tracks not measurable.) 
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TABLE VI. The ratio of the intensities of the two gamma-ray 
lines when CaF, is bombarded with protons as a function of the 
bombarding energy. 








Observer I1a/T6. 
Walker and McDaniel 0.45 Mev 0.044 


0.70 0.17 
1.15 0.38 


Goldhaber* 2.6 ~1.0 
Authors 5.0 1.7+0.4 


Bombarding energy 











* G. Goldhaber, Phys. Rev. 74, 1725 (1948). 


1.7+.0.4 (see above). The ratio of the intensities of the 
two lines in the present data compared with the results 
of other observers is shown in Table VI. 


2. Cross Section for Triplet Production 


At a gamma-ray energy of about 6.5 Mev the ratio 
of the cross sections for the production of a + electron 
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Fic. 6. The distribution of measured values of the kinetic 
energy of the low energy negative electron of triplets formed in 
air and methane. 


pair in the field of a nucleus to that in the field of an 
electron from the data here presented is 3.92+0.26. 
Within statistical limits the ratio of the cross sections 
is proportional to Z?/Z of the absorbing medium. 
Several calculations!” have been made of the total 
cross section for triplet production as a function of 
energy. The results differ markedly from each other and 
none are in good agreement with the value obtained in 
the present experiment. It appears that this experiment 
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Fic. 7. The distribution of measured values of the kinetic 
energy of the low energy negative electron of the triplets plotted 
in equal logarithmic energy intervals. 


17 (a) K. M. Watson, Phys. Rev. 72, 1060 (1947). (b) A. Borsel- 
lino, Nuovo Cimento IV, 1 (1947). (c) P. Nemirovsky, J. Phys. 
Acad. Sci. U.S.S.R. 11, 94 (1947). (d) V. Votruba, Phys. Rev. 73, 
1468 (1948). 
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must await further theoretical attention before a valid 
comparison with theory can be made. 


3. Energy Distribution of the Low 
Energy Negative Electron 


It appears from the measurements of the low energy 
negative electron of the triplet that the main part of 
this process is connected with small momentum transfer 
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to the recoil electron. This is in agreement with predic- 
tions of Bethe,!* Votruba, and Nemirovsky. 
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The rate of production of neutrons by cosmic rays was measured at 3510 meters elevation in lead, alumi- 
num, and paraffin, and in paraffin at 1640 meters elevation by means of an ionization chamber filled with 
boron trifluoride. The variation with elevation for production in paraffin differs slightly from that in the 
heavier elements, but agrees well with observations by other observers of the production in air at higher 
altitudes and with the variation of extensive showers. The neutrons are produced with a larger multiplicity in 
lead than in paraffin. Comparison with measurements of star production in photographic plates results in the 
value of 3 to 6 neutrons per star. Bursts of ionization resulting from other cosmic-ray phenomena were also 


observed. 


INTRODUCTION AND APPARATUS 


URING the spring of 1948 measurements. were 
made! of the rate of production of cosmic-ray 
neutrons in several materials at sea level. The experi- 
ment was so designed that absolute rates of neutron 
production could be accurately calculated from known 
nuclear cross sections, both total and capture, for the 
elements used. The detector consisted of a cylindrical 
ionization chamber filled to atmospheric pressure with 
boron trifluoride gas of standard isotopic composition. 
Bursts of ionization in the chamber were caused by a- 
particles produced in the reaction B’°+-n=Li'’+a. The 
chamber was placed at the center of a pile of material 
consisting of approximately equal amounts by weight of 
paraffin and of the element to be investigated, distrib- 
uted homogeneously. Enough paraffin was used so that 
only neutrons formed within the pile were able to reach 
the ionization chamber and be detected. The ionization 
chamber was furnished with “guard rings” constructed 
of borax and other chambers filled with boron trifluoride, 
so that the calculation of the number of neutrons 
diffusing into the chamber and being captured was re- 
duced to a one-dimensional problem with axial sym- 
metry which could be solved rigorously. The ionization 


, ° — at the Echo Lake Cosmic-Ray Symposium (June, 
949). 

** Now at Washington State College, Pullman, Washington. 

*** Assisted by the Joint Program of the ONR and the AEC. 

1A. R. Tobey, Ph.D. thesis, Yale University (1948); Phys. Rev. 
75, 894 (1948). 


chamber was connected to an electrometer tube with a 
balanced amplifier. The output voltage was applied to a 
galvanometer which produced a trace on moving photo- 
graphic paper. Thus the size of the ionization pulse in 
the chamber could be measured. The background was 
determined by surrounding the chamber with a layer of 
borax within the pile of paraffin. For further details of 
the experimental arrangement, reference should be made 
to the thesis mentioned. Since the rates to be reported 
here depend on the nuclear cross sections chosen, these 
values are reproduced in Table I. 


OBSERVATIONS 


During the summer of 1948 the sea level observations 
were extended by others taken in Colorado at Denver, 
1640 meters elevation, atmospheric depth 865 g/cm?, 
magnetic latitude 48.5°N and at Climax, 3510 meters 
elevation, atmospheric depth 675 g/cm?, magnetic lati- 
tude 48.1°N. The experiments were performed in a 
truck with a light roof of approximately 1.3 g/cm? 
thickness in open areas. 

The direct result of the observations is a set of curves 
giving the rate of occurrence of pulses of a given size in 
the ionization chamber. Figure 1 shows three such curves 
taken at Climax. The abscissas are given in arbitrary 
units (a deflection of #5 inch on the photographic paper) 
and the ordinates are rates per hour of occurrence of 
pulses per unit interval of size. The highest curve shows 
the observations obtained when the pile contained 517 
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lb. of lead and 770 lb. of paraffin, the middle curve for 
the paraffin alone and the lowest curve shows the back- 
ground and was obtained with the chamber surrounded 
by borax which in turn was surrounded by the paraffin. 
The peaks resulting from the disintegration alpha- 
particles are well marked. The neutron production in 
any case is proportional to the area between the back- 
ground curve and a higher one. 

The counting rates at high altitude were so large that 
a correction had to be applied for the resolving time of 
the apparatus. The galvanometer used had a period of 
1.1 sec. and it was estimated that if two neutrons were 
captured in the chamber within an interval of less than 
0.36 sec. = 10~ hr., the resultant pulse would be classed 
as a single pulse but of larger size. The occurrence of a 
subsidiary peak at twice the abscissa of the main peak 
is evident in Fig. 1. The true counting rate N is related 
to the observed rate No by the equation 


No = Ne, 


where a is the resolving time. From the corrected count- 
ing rates the rates of neutron production were calculated 
and the results obtained are given in Table II. For con- 
venience the sea level values are included also. 

The probable errors that are indicated in Table II are 
those arising from the statistics of counting only. The 
rates are uncertain also because of uncertainties in the 
values of the nuclear constants assumed. Since no tests 
of the purity of the substances used were made, no esti- 
mate of the inaccuracy arising from this source is 
possible. Small amounts of boron will, of course, make 
large changes in the neutron rates. Probably no con- 
tamination resulted from the use of borax to determine 
the background of the chamber since the values de- 
termined from two different amounts of lead agree well. 
The values listed for carbon are based on the assumption 
that the hydrogen in the paraffin does not contribute 
and that the composition of the paraffin could be repre- 
sented by C,Hen. Neutron production in the chamber 
walls, which were tlfin, was neglected. 


VARIATION WITH ELEVATION 


The observed variation with elevation of the rates of 
neutron production is illustrated in Fig. 2 where the 
ratio to the sea level value is plotted on a logarithmic 
scale against the atmospheric depth. It is seen that the 
variation is approximately exponential but that the 
neutron production in paraffin increases more rapidly 
than that in lead or aluminum. Measurements at higher 
elevations of the neutron production in air have been 
reported by Agnew, Bright, and Froman,? by Simpson,’ 
and by Yuan.‘ All these observers agree that an ex- 
ponential absorption occurs with a mean free path of 
approximately 160 g/cm? of air. For comparison with 
these observations the dashed line in Fig. 2 is drawn 


2 Agnew, Bright, and Froman, Phys. Rev. 72, 203 (1947). 


iL A. Simpson, Jr.,»Phys. Rev. 73, 1389 (1948). 
L. C. L. Yuan, Phys. Rev. 74, 504 (1948). 
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TABLE I. Nuclear cross sections used for calculations. 








Capture cross 
section 


0.29 X10 cm? 
830.0 

0.0045 

0.23 
11, 0.17 
86. 0.59 


Total cross 
section 


41.0X 10- cm? 
830.0 


Substance 











which has a slope corresponding to this value of the 
mean free path. 

It is of interest to compare the neutron rates with 
some observations of the counting rate of a set of Geiger 
counters arranged to record extensive showers. These 
observations® were made at the same locations and 
simultaneously with the neutron observations. They are 
represented by the circles in Fig. 2. It is apparent that 
the agreement with the paraffin observations is very 
close. 

The variation with elevation can be used to correct 
the neutron-production rates given in Table II for the 
absorption of neutron-producing rays within the pile. 
The detecting chamber was covered with a layer of 30 
g/cm? of paraffin and consequently the neutron produc- 
tion in the vicinity of the chamber corresponds to a 
primary intensity at a somewhat lower elevation than 
that at which the observations were made. A similar 
correction can be applied for the case in which lead is 
present in the pile. However, when the total quantity of 
lead in the pile was reduced by a factor of nearly 2, the 
rate of production of neutrons per gram remained 
unaltered to within the accuracy of the counting as 
shown in Table II. Hence we conclude that the absorp- 
tion in the lead is negligible. 

This conclusion is strengthened by a separate experi- 
ment in which the pile of paraffin was shielded on the top 


* pb 


NUMBER/ HOUR 
a 


o 


IS 20 25 30 58 
SIZE 


Fic. 1. Neutron distribution at Climax: (a) for 517 pounds of 
lead and 770 pounds of paraffin. (b) for paraffin alone. (c) for 
chamber surrounded by borax and paraffin (background). 
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5 J. Wei and C. G. Montgomery, Phys. Rev. 76, 1488 (1949). 
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TABLE II. Observed rates of neutron production. Values are in 
units of 10-5 g™ sec.—. 








Neutron 
production 
Mass of rate 
(10-5 g-! sec.) 


Material material 





Climax, 675 g/cm? 

Paraffin 

Carbon calculated from 
paraffin 

Aluminum 

Lead 


770 Ib. 


IS) 
20 = 


SCwWNS GY 
HEH He 


749 Ib. 
517 lb. 
346 Ib. 


me RS 
aul > eel aol oo 
wWeRUnm AW 


Mean value for lead 


Denver, 865 g/cm? 

Paraffin 

Carbon calculated from 
paraffin 


7.98+0.18 
9.32+0.21 


New Haven, 1030 g/cm? 

Paraffin 

Carbon calculated from 
paraffin 

Aluminum 


1,980.07 
2.310.08 


3.49+0.20 
6.47+0.24 


770 Ib. 


749 Ib. 
517 lb. 








and four sides by 1 inch of lead. Without the lead shield 
the neutron counting rate corrected for the background 
was 505+10 hr.—'. With the shield in place 492+-11 
counts per hour were observed. The absorption in the 
lead is thus observed to be 2.6-+3.0 percent or less than 
could be detected. This conclusion as well as the obser- 
vations on the variation with elevation are in good 
agreement with the observations of Mrs. Cocconi.® 


MULTIPLICITY OF NEUTRON PRODUCTION 


The differences in the rates of production of neutrons 
in different substances are to be ascribed to two factors: 
the cross section o for star production and the multi- 
plicity, or number » of neutrons per star. In fact the rate 
R of neutron production per gram is 


R=kov/A, 


where & is a constant and A the atomic weight. Now it is 
extremely likely that the cross section o for star pro- 
duction is proportional to the total cross section o; for 
high energy bombarding particles.’ Hence, if values are 
adopted for o;, the ratio of multiplicities can be calcu- 
lated from the present observations. Choosing the total 
cross sections measured® at 90 Mev of 0.55 barn for 
carbon, 1.12 barns for aluminum and 4.53 barns for lead, 
we find at sea level 


v (lead)/v (carbon) =6.4, 
vy (lead)/» (aluminum) =3.5. 


® Cocconi, Coconni Tongiorgi, and Greisen, Phys. Rev. 76, 1020 
(1949). The authors are much indebted to Mrs. Cocconi for the 
receipt of this manuscript before publication. 

7 See De Juren, Knable, and Moyer, Phys. Rev. 76, 589 (1949); 
oo Leith, McKenzie, and Wouters, Phys. Rev. 76, 590 

§ Cook, McMillan, Peterson, and Sewell, Phys. Rev. 75, 7 
(1949). 
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These ratios are, of course, subject to some uncertainty 
on account of the variation of the transparency of nuclei 
as light as carbon with the energy of the fast neutrons in 
this energy range. These results are also in agreement 
with those of Mrs. Cocconi.® 

It is possible to find the value of vy by a comparison of 
the neutron rates reported here with the number of stars 
produced in photographic plates. We assume that the 
neutron production R can be represented empirically as 
a function of the atomic weight A by the relation 


R=CA*, 


where C and a are constants. With this interpolation 
function the rate of production of neutrons in photo- 
graphic plates can be calculated. The values so calculated 
for Climax are given in Table III. The composition of 
the Ilford nuclear research plates Type C1 was taken 
from Gardener and Peterson.® The total of 15710-5 
neutron cm sec.—! represents the rate of production 
under 30 g/cm? of paraffin at Climax. Correction for 
absorption with a mean free path of 160 g/cm? increases 
this value to 190 10—° cm™ sec.—. 

Two sets of observations of stars in photographic 
plates at this elevation have been made.!° Both can be 
represented by the relation 


N=Noe-?!2-%8, 


where JN is the rate of occurrence of stars having more 
than p prongs. This relation can be shown to be valid for 
p23. If it can be used also for p<3, then the total 
number of stars is simply No. The observations of 
George and Jason give Vo=41X10~* cm™ sec.“ where- 
as those of Bernardini and collaborators give No=73 
X 10-5 cm™ sec.—!. From these values, the multiplicity » 
of neutron production is found to be 4.6 or 2.6 averaged 
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Fic. 2. Variation of production of neutrons with elevation. 
® E. Gardener and V. Peterson, Phys. Rev. 75, 367 (1949). 


10 Reported by B. Rossi, Technical Repert No. 26, Laboratory 
for Nuclear Science and Engineering, M.I.T. (April 4, 1949). 
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over all stars and over all substances in the photographic 
plate. A value in this range is entirely satisfactory since 
the average number of charged particles per star is 2.1. 


THE CHAMBER BACKGROUND 


It is evident from Fig. 1 that some bursts of ionization 
occur in the chamber even when it is surrounded by a 
layer of borax which excludes all thermal neutrons. The 
size-frequency distribution of these bursts shows no 
characteristic peak caused by neutrons. Moreover, it is 
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Fic. 3. Background in neutron chamber at three elevations. 


found that these background pulses vary rapidly with 
elevation. The same large background is observed by 
other experimenters" and it is of some interest to 
ascertain its nature. The integral frequency-distribution 
curves observed at the three elevations are shown in 
Fig. 3 on a log-log plot. The increase with elevation is 
mostly confined to the small sizes, and the curves show a 
characteristic shape. This shape can be interpreted as 
follows. 

At sea level alpha-particles arising from radioactive 
contamination in the walls of the chamber certainly 
contribute an appreciable portion of the bursts of 
ionization. Such contamination is the result of small 
amounts of uranium and thorium in equilibrium with 
their daughter substances and the shape of the integral 
distribution curve can be calculated easily.” Such a 
calculated curve has been drawn to fit the large bursts in 


11 A good example is shown in reference 3. 
2H. Carmichael, Phys. Rev. 74, 1667 (1948). Also C. G. 
Montgomery and D. D. Montgomery, Phys. Rev. 76, 1482 (1949). 
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Taste III. Neutron production in plates—Ilford NR 
plates Type C1. 








Sub- Atomic 
stance Density p weight R Rp 


Ag 1.85 g/cm* 108 45X10 g-!sec.-! 83.3 X10-5 cm sec.~! 
Br 1.34 80 41 55 

I 0.052 127. 47 2.4 

C,H,O,N 0.661 (as par- 25 16.3 
affin) 


0.010 3231 0.3 
3.923 157.3 





Total 








Fig. 3. The total number of contamination alpha- 
particles so determined is of the correct order of magni- 
tude for clean surfaces.¥ 

The bump in the differential distribution curve, Fig. 1, 
near the abscissa 30 does not vary with elevation and 
probably represents a surface contamination. The 
pulses under consideration here are the more frequent 
smaller ones. 

The contribution of alpha-particles can then be sub- 
tracted from the curves at the three elevations to yield 
the burst distribution curves arising from cosmic-ray 
phenomena. It has been shown" that bursts of such a 
range of sizes are the result of nuclear disintegrations 
taking place principally in the walls of the chamber. A 
qualitative comparison with observations of bursts in 
other chambers made simultaneously at Climax” shows 
that the rate of occurrence and the frequency distribu- 
tion are in approximate agreement with this explanation. 
Since the background measurements were taken with a 
complicated borax and paraffin shield it is difficult to 
draw further conclusions. 
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The agents responsible for the production of bursts of ionization in small chambers have been analyzed 
on the basis of observations taken at 3510-meters elevation. Three methods of separation were employed: 
(1) the coincidences between ion chambers and between chambers and counters, (2) the variation of burst 
rate with a small thickness of lead placed over the chamber, and (3) the variation of burst rate with the size 
of the ionization chamber. Three components of the burst distribution curve are identified with (1) small 
locally produced electron showers, (2) nuclear disintegrations, and (3) extensive air showers of high 
density. Each component predominates at a certain range of burst sizes. 





INTRODUCTION 


N a recent paper,' evidence has been presented that 
bursts of ions occurring at sea level in an unshielded 
ionization chamber are produced by at least two sepa- 
rate phenomena, (1) extensive Auger showers of elec- 
trons and photons produced in the air, and (2) nuclear 
disintegrations produced in the chamber walls. The 
principal basis for the separation of the bursts of two 
origins was the effect of thin shields on the frequency 
distribution of bursts with respect to size. Since then 
Bridge, Hazen, Rossi, and Williams** have performed 
similar analyses of bursts occurring at an altitude of 
3500 meters on the basis of the coincidences observed 
among several ionization chambers.* Carmichael® has 
also separated the bursts observed in chambers at sea 
level according to the agents producing them, using the 
shapes of the observed frequency distribution curves as 
a guide. The present paper describes some experiments 
on bursts observed at 3510-meters elevation. Three 
independent methods were employed to analyze the 
bursts: (1) the effect of thin lead shields as previously 
employed at sea level, (2) coincidence experiments 
similar to those of Bridge ef al. and (3) a comparison of 
the frequency of bursts observed in chambers of three 
different areas. 


TABLE I. Characteristics of the ion chambers. 








Diam- Maxi- 
eter mum 
col- Coef- time 
Inside lecting ficient of ion Efficiency, 
diam- Inside elec- of in- collec- or 
eter length Area trode duction tion electron 
Chamber inches inches cm? inch cm sec. collection 





2-inch 12 73% 92 } 7.78 0.09 0.82 
3-inch = 2.87 93 174 3 944 0.17 0.80 
4inch 32% 153 394 } 11.7 0.37 = =0.82 








* Assisted by the Joint Program of the-ONR and the AEC. 
( 1 5 G. Montgomery and D. D. Montgomery, Phys. Rev. 72, 131 
1947). 
a9 oe” Hazen, Rossi, and Williams, Phys. Rev. 74, 1083 
3R. W. Williams, Phys. Rev. 74, 1689 (1948). 
4 See also C. G. Montgomery and D. D. Montgomery, Phys. Rev. 
75, 980 (1949). 
5H. Carmichael, Phys. Rev. 74, 1667 (1948). 


EXPERIMENTAL ARRANGEMENTS 


Three pairs of cylindrical ion chambers were used. 
The chambers were constructed of brass 35 inch in 
thickness and had the dimensions given in Table I. The 
collecting electrodes were coaxial brass rods supported 
by Kovar glass seals. Each chamber was filled with 
argon of about 99 percent purity to a pressure of 4.8 
atmospheres. 

In order to cover a large range of burst sizes and fre- 
quencies, two methods of observation were employed. 
In the first, Method A, each ion chamber was connected 
to an electrometer tube, Type 38, followed by an am- 
plifier and a galvanometer. The galvanometer deflec- 
tions were recorded photographically on sensitive paper 
moving at a rate of 70 cm per hour. The time constants 
of the amplifier were several seconds long and hence the 
low frequency limit of the amplifier was a small fraction 
of 1 cycle per second; the high frequency limit was 
determined by the period of the galvanometer which was 
one second. The sensitivity was determined by means 
of a calibrating pulse of known potential applied to the 
ion chamber, together with a measurement of the 
proper coefficient of induction by comparison with a 
standard capacitor. The burst sizes were therefore ex- 
pressed in terms of ion pairs formed within the chamber, 
by an absolute calibration. The over-all precision is 
probably about 10 percent. A representative value is 
4X10‘ ion pairs per millimeter deflection of the gal- 
vanometer, Observations were taken with two chambers 
of the same size with the axes parallel and separated by 
6 inches. The two galvanometer traces were recorded 
on the same photographic paper. 

In Method A, the central rod of each ion chamber was 
operated near ground potential and the outer cylinder 
at a positive potential of 300 volts. Both positive and 
negative ions were collected fast enough to be recorded 
by the galvanometer. The maximum traversal time T 
for an ion is 


nb/a 


2uV 


l 
T= 





(b*— <a"), 


where @ and 6b are the inner and outer radii, uw the 
mobility, and V the potential applied to the chamber. 
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Values of T calculated with u.=1.5 cm? volt— sec.—! at 
one atmos. are given in Table I. Since the positive ions 
moved inward to the high field region, most of the 
potential change of the collecting electrode was the 
result of the motion of positive ions. 

On the same photographic paper with the gal- 
vanometer traces, the counts of two sets of shower 
counters were recorded by means of flashes of small 
argon-filled lamps. The first shower set considered of 
three counters, each of 20-cm? area, arranged in a tri- 
angular array. The second set, which was also in use for 
another investigation, consisted of three counter trays, 
each of area 320 cm*. The two sets were placed in 
roughly the same horizontal plane as the chambers and 
at various distances, usually between 1 and 2 meters, 
from the chambers. From the photographic record, 
coincidences between chambers, and between a chamber 
and one or both counter sets could be detected. The 
resolving time for such coincidences was determined by 
measuring chance coincidences between galvanometer 
traces and lamp flashes caused by unrelated events. 
It was found to be 1.5 sec. which represents a distance 
on the photographic record of 0.3 millimeter. Correc- 
tions have been made for accidental coincidences in the 
few instances where this was necessary. 

The second method of observation, Method B, was 
suitable for recording the more frequent smaller bursts 
of ionization. The collecting field in the chamber was 
reversed and the outer shell of the chamber was fixed 
at a negative potential with respect to the rod. Most of 
the change of potential was therefore produced by the 
rapid motion of electrons to the high field regions. The 
fast pulse so produced was amplified by a four-stage 
feed-back amplifier with an upper frequency limit of 
about 20 kc/sec. The low frequency cut-off was deter- 
mined by a time constant of 10~* sec. and therefore the 
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Fic. 1. Burst frequency distribution curves for chambers 
of 2-, 3-, and 4inch diameters. 
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Fic. 2. Comparison with results of Bridge, Hazen, 
Rossi, and Williams. 


effect of the motion of the positive ions was very little 
amplified. The directly observed potential changes 
depend in this situation on the distribution of ionization 
within the chamber.? If the ionization is uniform 
throughout the volume, the correcting ratio or efficiency 
for electron collection is given by 


1—1/(2 Inb/a), 


for b>>a. The values of this efficiency are given also in 
Table I. 

It is well known that accurate quantitative measure- 
ments of ionization cannot be made employing electron 
collection unless precautions are taken to obtain ex- 
tremely pure gas in the chamber. If impurities are 
present electron attachment takes place, the speed of 
the negative charges is much reduced, and the change 
of potential of the collecting electrode takes place too 
slowly to be amplified. In the present experiments argon 
of only commercial purity was used and hence some 
electron attachment occurred. Advantage was taken of 
this circumstance as described in a section to follow. 

The amplifier was followed by a discriminator circuit 
to select pulses larger than a given size. These pulses 
could then be counted with a mechanical recorder or 
used to flash another argon lamp. This made it possible 
to operate several chambers simultaneously; two 
chambers using Method A, the others with Method B. 
As seen below, too few coincidences were found to 
justify long periods of such operation. 

All of this equipment was installed in a 2}-ton truck 
with a light roof of approximately 1.3 g/cm? thickness. 
The truck was located at Climax, Colorado at an alti- 
tude of 3510 meters during July and August of 1948. 
The mean atmospheric pressure corresponded to 675 


g/cm’. 
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OBSERVATIONS OF FREQUENCY DISTRIBUTION 
CURVES 


By utilization of both Methods A and B of observa- 
tion it was possible to measure the frequency of oc- 
currence of bursts over a considerable range. The fre- 
quency distribution curves for chambers of three sizes 
are shown in Fig. 1 on a double logarithmic plot. The 
ordinates give the rates of occurrence per hour of bursts 
of ionization greater than the corresponding abscissas. 
The observations made by Method A cover sizes greater 
than about 1.5X10° ion pairs and the curves are the 
average of data taken with the two chambers of each 
size. The observations by Method B overlap to some 
extent those by Method A and represent the results for 
a single chamber only. The statistical accuracy is 
indicated by the vertical lines for the data from the 
3-inch chamber. Where no vertical lines are drawn, the 
errors are too small to show in the figuré. 

It is of interest to compare these curves with data 
taken by Bridge ef al.? at the same location. These 
observers employed several ionization chambers of 
3-inch diameter but longer than the ones used by us. 
The chambers were filled with argon to the same 
pressure. Two important differences exist however. 
First, Bridge e¢ al. employed electron collection similar 
to our method but with more rapid amplifier response 
although the range of burst sizes is comparable to our 
observations by Method A. Second, our calibrations for 
burst sizes are absolute ones depending on measure- 
ments of potential and capacitance whereas Bridge et al. 
used for calibration a source of polonium alpha-particles 
inside their chambers and expressed the burst sizes in 
terms of the energy released in the chamber relative to 
that released by an alpha-particle. To compare the 
observations it is necessary only to multiply the burst 
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Fic. 3. Distribution of bursts caused by extensive showers with 
and without lead over the chambers. 





C. G. MONTGOMERY AND D. D. MONTGOMERY 





rates by the ratio of the lengths of the chambers and to 
convert from electron volts to ion pairs. The value of 
25.4 ev per ion pair was chosen. Figure 2 shows that the 
agreement is excellent. The plotted points are those of 
Bridge et al., the curve represents the present observa- 
tions. 

The principal task before us is to analyze these 
curves and attempt to establish the nature of the 
phenomena responsible for the production of these 
bursts of ionization. 


EXTENSIVE SHOWERS 


The component most easily separated is the bursts 
produced by the extensive showers of cosmic rays. Such 
showers cover an area large compared with the area of 
the chambers and spread over distances of 100 meters 
or more. Consequently, if an extensive shower produces 
a burst of ionization in one chamber, it will produce 
bursts of nearly equal size in the other chambers near 
it and also cause a discharge of the counter sets. Thus 
by rejecting all but coincident bursts, the effects of such 
showers can be isolated. The actual criterion chosen was 
that at least a triple coincidence occur. Both of the 
chambers must show in the galvanometer a trace a 
burst of ionization greater than a given size and in 
addition at least one other chamber or one or both 
shower counter sets must simultaneously discharge. 

When this is done it is found that most of the bursts 
shown in the curves of Fig. 1 are rejected. The rela- 
tively few remaining bursts constitute not more than 5 
percent of the total; these are plotted in Fig. 3. The 
coordinates used here are somewhat different. Since the 
spreading of the showers is large, the number of bursts 
of ionization should be independent of the size of the 
chamber. The size of the burst measured in ion pairs is, 
however, proportional both to the area of the chamber 
and to the chamber diameter or in fact proportional to 
the volume of the chamber. In order to compare directly 
these ionization-chamber measurements with observa- 
tions by counters, the data in Fig. 3 are plotted with 
the ordinates representing the rate per hour and the 
abscissas rays per unit area. It has been assumed that 
a shower ray produces 80 ions pairs per cm in argon at 
atmospheric pressure. 

This value of the specific ionization was chosen in the 
following manner. R. H. Frost,® by means of droplet 
counting in a cloud chamber, has measured the mini- 
mum specific ionization for electrons to be 53.1+2.8 in 
argon at standard conditions. The shower electrons 
have higher energies than that corresponding to the 
minimum since their energy is on the average about 
10° ev. From theoretical curves an electron of this 
energy should have a specific ionization of 1.44 times 
the minimum value or 76.5 cm~. Extensive showers 
passing through the thin brass walls of the chamber will 
increase in number? by a factor of approximately 1.12. 


*R. H. Frost, Ph.D. thesis, University of California (1947), 
quoted by R. B. Brode, Rev. Mod. Phys. 21, 37 (1949). 
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Hence the effective specific ionization in argon at 20°C 
is 1.12 76.5 273/293 or 80 cm-. 

The bursts plotted in Fig. 3 for the 4-inch chamber 
were selected by requiring a triple coincidence between 
three ionization chambers; the shower counters were 
not used. The strictness of this requirement eliminated 
some extensive showers, and the results for the 3- and 
4-inch chambers are not comparable. The single point 
for the 2-inch chamber agrees well with the data for 
the 3-inch chamber. 

Observations were also taken with lead shields over 
the chambers. The shields were 6 mm thick and 
covered the upper half of the cylindrical surfaces. 
Electrons and photons from the air, impinging on this 
lead, increase in number since the critical cascade 
energy for lead is much less than that for air. The burst 
sizes would therefore be increased by this multiplication. 
It is evident from Fig. 3 that such multiplication is 
observed, and the factor seems to be about 1.7 for all 
chambers. 

The observed multiplication can be compared with 
that expected from the cascade-shower theory. Since the 
lead shield is curved, the effective thickness is larger 
than the actual thickness by a factor of 4/x as can be 
shown by a simple calculation. The effective thickness 
is thus 7.6 mm or 1.5 radiation units. Since the average 
energy of an electron from the air is approximately equal 
to the critical energy for air or 100 Mev and that for 
lead only 7 Mev, a simple estimate from Arley’s’ cal- 
culations predicts a factor of 2.2. Although this factor 
is somewhat larger than the observed multiplication, the 
discrepancy can probably be removed by a more 
accurate calculation. 

In Fig. 3 are plotted also the observations of the 
Cocconis* and of Williams.* The Cocconis measured the 
density distribution of extensive showers by means of 
counters at the somewhat lower elevation of 3260 
meters. The measured rates have been multiplied by a 
factor, obtained from unpublished observations of 
Kraybill,® amounting to 1.25 to correct for the increase 
with elevation. Williams’ observations were made with 
ionization chambers at the same location as the present 
experiment. In order to compare the data directly it 
has been necessary to alter the sizes of Williams’ bursts 
to the value of specific ionization used above. Williams 
assumed that the energy loss of shower electrons in 
argon was 2.1 Mev cm? g, a theoretical value, and that 
the brass walls introduced multiplication by a factor of 
1.12. Thus the effective specific ionization used was 157 
ion pairs/cm at 20°C. The shower densities have there- 
fore been increased before plotting by a factor of 157/80 
= 1.96. 

Williams’ observations are represented by the line 
drawn in the figure and the agreement with our ob- 
servations is good. Both sets of data show the same slope 


™N. Arley, Proc. Roy. Soc. A168, 519 (1938). 
8G. Cocconi and V. Tongiorgi, Phys. Rev. 75, 1058 (1949). 
°H. Kraybill, Ph.D. thesis, University of Chicago (1949). 


on the logarithmic plot of —1.7 which is the value of 
the exponent in the integral density spectrum of the 
showers. The Cocconis’ observations are lower in ab- 
solute value and have a slope of —1.46. The range of 
sizes observed by the Cocconis is somewhat smaller 
(less than 0.1 ray/cm?) than that covered by the 
ionization-chamber measurements, and an extrapolation 
to larger densities may not be justified. 


NUCLEAR DISINTEGRATIONS 


Bursts of ionization which are not coincident with 
bursts in other chambers or with the discharges of the 
counter set comprise the greater part of the bursts of 
sizes between 210° and 10® ion pairs. According to 
one criterion then, they result from nuclear disin- 
tegrations occurring within the chamber walls. A 
second check of this conclusion can be found from a 
comparison of the observations in chambers of different 
sizes. The rate of occurrence should be proportional to 
the area of the chamber and the amount of ionization 
produced should be proportional to the path length 
within the chamber or to the chamber diameter. The 
observations reduced in this manner are plotted in 
Fig. 4. The frequency is expressed in number hr.-! 
cm~ and the burst size in ion pairs per cm obtained by 
dividing by the diameter of the chamber. It is seen 
that there is rather close agreement between the various 
chambers, but that a systematic difference appears to 
exist, with the rates of the largest chamber being least. 
Two possible explanations suggest themselves. First, 
some of the rays from the nuclear event may not com- 
plete their range within the chamber or, second, some 
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Fic. 4. Distribution of bursts caused by stars. 
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Fic. 5. Effect, on the star distribution, of a lead shield 
placed over the chamber. 


recombination may be present and present to the 
greatest extent in the largest chamber where the electric 
field is smallest. Probably both factors contribute to 
some extent. It should be noted that the distribution 
curves have a slope of about —3.2, much steeper than 
the slope of the distribution curves for extensive 
showers. A similar behavior was also found at sea level.! 

The third test also confirms the supposition that the 
bursts are the result of nuclear disintegrations. A small 
thickness of lead placed over the chamber should have 
no effect on the burst size and little effect on the burst 
rate if electronic radiations are not involved. The effect 
of the 6-mm lead shield on the bursts in one chamber is 
shown in Fig. 5. Although a small increase in rate may 
be present, it scarcely exceeds the errors of measure- 
ment. Consideration of these data and corresponding 
curves for the other chambers shows that the increase 
in rate is not greater than 5 percent. Thus the three 
criteria: lack of coincidences, variation with chamber 
size, and effect of lead, all substantiate the assertion 
that the bursts of the sizes considered arise from nuclear 
events in the chamber walls. 

From the observations with lead an additional con- 
clusion can be drawn. Since the lead contributes little 
to the burst rate observed, the ranges of the particles 
produced in the nuclear events must, to a large extent, 
be less than the thickness of the brass walls of the 
chamber or less than 0.7 g/cm?. This fact is in agreement 
with observations of cosmic-ray stars on photographic 
plates. Some stars, however, have been observed in 
cloud chambers to contain penetrating particles with a 
much larger range. 


OBSERVATIONS BY METHOD B 


All the data discussed so far were obtained from the 
galvanometer traces by Method A. It remains to discuss 
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the observations dealing chiefly with bursts of sizes 
smaller than about 2 10° ion pairs obtained by count- 
ing (Method B). The most striking feature of the ob- 
servations in this region is the existence of a “knee” in 
each of the burst distribution curves shown on Fig. 1. 
In this region of small sizes no coincidence data nor 
data on the effect of lead shields are available and we 
must rely on the variation with chamber size alone to 
guide the analysis. We can, however, realize the ad- 
vantage of the use of gas in which some electron attach- 
ment and recombination takes place. The range of 
burst sizes in question, of the order of 10° ion pairs, is 
the same as that of the alpha-particles from natural 
radioactive contamination in the chamber walls. In the 
alpha-particle tracks the density of ionization is high. 
Moreover, the tracks are short and, at high pressure, 
confined to within a few millimeters of the chamber 
wall where the electric field is lowest. The free electrons 
formed are quickly attached either to a positive ion or 
to an impurity molecule and the pulse resulting from 
the motion of negative ions is slow and hence greatly 
reduced. For protons from nuclear disintegration, the 
situation is different. Protons have much longer ranges 
and are not confined to regions of low field strength and 
in addition the density of ionization along a track is 
much less. Attachment and recombination are therefore 
much less likely and a large fraction of the free electrons 
formed are collected by the electrode of the chamber 
and a large pulse is produced. 

To demonstrate that these processes are taking place, 
observations were made at sea level with only one 
atmosphere of argon present in the chamber. Under this 
condition the attachment in the alpha-particle ioniza- 
tion is small and nearly all of the negative charge moves 
across the chamber as electrons. The ionization from 
high energy protons is, on the other hand, reduced since 
in crossing the chamber cnly one-fifth as much gas is 
traversed. Most of the pulses recorded, therefore, are 
the result of contamination alpha-particles. The results 
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Fic. 6. Distribution of bursts from contamination alpha-par- 
ticles compared with the total burst distribution at 3510 meters, 
showing knee and effect of recombination. 
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of these measurements are shown in Fig. 6 together 
with the observations at 4.8 atmos. pressure taken at 
3510 meters. It is evident that, for some range of burst 
sizes in each chamber, the number of alpha-particles 
exceeds the measured number of bursts at the high 
elevation. The difference is particularly large in the 
4-inch chamber where the number of contamination 
alpha-particles per unit area is much larger than in the 
other chambers. The curves drawn for the alpha-par- 
ticles are calculated on the assumption that the uranium 
and thorium series are present distributed uniformly 
through the volume of the brass walls and that the 
disintegration rates of the two series are equal. The 
experimental points, not shown in the figure, fit the 
calculated curves very well. 

It is evident that the alpha-particle distributions 
show a “knee” quite similar to those observed in the 
burst distributions, and indeed, for the same reasons. 
Charged particles ejected from nuclei must have a dif- 
ferential energy distribution that is cut off at the low 
energy end somewhat below the energy corresponding 
to the Coulomb potential barrier of the residual nucleus. 
Since the pentration through the barrier is improbable, 
the ejected particles must possess at least the energy 
gained from the repulsive electric forces as the particle 
moves away. This minimum energy will be of the order 
of several million electron volts. In an ionization 
chamber where the particles originate in the walls, not 
all of this energy is effective in producing ions but a 
large part may be lost in the chamber walls before the 
particle emerges into the gas. The differential energy 
distribution of the particles emerging from the walls does 
not show, therefore, the low energy cut-off but instead 
is flat from zero energy to the cut-off energy. The 
integral distribution of the amounts of ionization 
produced in the chamber must consequently approach 
the zero-energy axis with a finite slope. On a double 
logarithmic plot there will be a corresponding leveling 
off of the distribution curve for small burst sizes and 
the knee results. 

It should be noted from Fig. 1 that the burst size at 
which the knee occurs decreases with the diameter of 
the chamber. This suggests that these small bursts are 
also the result of nuclear disintegrations and hence the 
data from the different chambers should be compared 
on this basis. Figure 7 shows the observations reduced 
in the manner of Fig. 4. It is evident that the corre- 
spondence here is much less marked than for bursts of 
larger sizes. Nevertheless we think that the observed 
knees are representative of the low energy cut-off in the 
energy distribution of protons and other long-range 
particles from nuclear disintegrations. Electron attach- 
ment undoubtedly affects the observed pulse sizes from 
protons to some extent and, since the process is sensitive 
to small amounts of impurities in the gas, inconsistencies 
in the observations near the knee as shown in Fig. 7 
are readily understandable. 

The existence of a flat portion of the size distribution 
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Fic. 7. Comparison of extrapolated star burst rate with observa- 
tions of Bernardini (B) and of George (G) with photographic 
plates. 


curve allows an estimate to be made of the total number 
of nuclear disintegrations and a comparison with the 
rates observed in photographic plates becomes possible. . 
Bernardini and collaborators and George!” have recently 
reported the rate of occurrence of stars having three 
prongs or more to be 15.3 and 8.5, respectively, in units 
of cc! day~ at an elevation of 3500 meters. If the 
relative frequencies of stars with different numbers of 
prongs are extrapolated from 3 prongs to 1, the cor- 
responding rates become 39 and 22 cc“ day. If we 
assume that the emulsion density is 3.9 g cc~ and that 
the brass in the chamber walls is all as effective as the 
emulsion in the production of disintegrations containing 
ionizing particles which emerge into the gas of the 
chamber, the expected total frequency of bursts that 
result from disintegrations can be calculated. The values 
corresponding to Bernardini’s and to George’s data are 
plotted at the levels labeled B and G, respectively, in 
Fig. 7. The distribution curve for nuclear bursts should 
thus flatten and approach these levels as the burst size 
is decreased, as indicated by the dashed line in the 
figure. 

This dashed line was drawn taking into account the 
following arguments. The line should lie above the 
curve for the 4-inch chamber since we know that some 
electron attachment is taking place. The curve for the 
3-inch chamber is much higher than the other two and 
probably contamination alpha-particles contribute ap- 
preciably to the observed rates. The most reliable 
estimate can therefore be made from the curve for the 
2-inch chamber where the alpha-contamination is low 


10 Results reported by Rossi, ONR Technical Report No. 26, 
M.L.T. (April 4, 1949). 
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and the high field strength minimizes electron attach- 
ment. It is apparent that there is order-of-magnitude 
agreement between the observations with photographic 
plates and with ionization chambers although the 
accuracy of the check leaves much to be desired. 

For bursts of the smallest sizes, the frequency dis- 
tribution curve rises again rather rapidly as is evident 
from Fig. 7. It seems unlikely, from the arguments 
presented in previous sections, that these bursts are 
also the result of nuclear processes. Some new phe- 
nomenon must be predominant in this range of sizes. 
Only a few electrons crossing the chamber are necessary 
to produce these bursts and it is suggested that these 
represent locally produced showers of electrons. In 
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support of this contention, we can only point out that 
the number of single rays through the chambers 
amounts to 250 cm~ hr.—!. Since many of these are 
electrons and since there is an approximately equal 
number of photons, small showers occurring with the 
observed frequency are not unreasonable. It should be 
noticed that the number of these small showers appears 
to be proportional to the chamber area. 

In conclusion, the authors wish to express their 
thanks to Mr. C. J. Abrams of the Climax Molybdenum 
Company and to Mr. E. F. Fahy and Professor Marcel 
Schein of the University of Chicago for their generous 
hospitality that made the observations at high altitude 
possible. 
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Narrow Air Showers of Cosmic Rays* 
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Observations are reported of the decoherence curves for air showers of cosmic rays at sea level, 1640 meters 
and 3510 meters elevation. The variation of the decoherence curves with counter area and the absorption 
of narrow showers were also measured at the highest elevation. It was found that narrow showers (that is, 
showers observed at small counter separations) differ from ordinary extensive air showers with respect to 
variation with elevation, variation with area of the counters, and penetrating power. Consideration of the 
effects of pressure on the spreading function show that the altitude variation cannot be taken as a certain 
indication that narrow showers differ in nature from extensive ones, nor can the variation with counter area. 
The relative penetration, however, of narrow showers in lead, iron, and aluminum cannot be explained except 


by differences in the nature of the particles involved. 


INTRODUCTION 


HOWERS of cosmic rays which originate in the 

atmosphere have been the subject of many inves- 
tigations since their discovery by Auger.’ Auger and 
many others have measured the coincident counting 
rate of two or more counters as a function of the 
separation between them up to large distances. The 
lateral spread of such showers as measured by this 
“decoherence curve” agrees well with theoretical pre- 
dictions * of the cascade theory of electron-photon 
showers for separations from 1 to 1000 meters. Between 
about 1 and 10 meters separation there is a well defined 
plateau in the decoherence curve, and Moliére’s calcu- 
lations, as well as those of others, predict only a 
negligibly small increase of counting rate as the separa- 
tion is decreased to zero. Observations, however, 
deviate from the theoretical predictions, and a sharp 


* Part of a dissertation to be presented by the first author for 
the degree of Doctor of Philosophy at Yale University. 

** Assisted by the Joint Program of the ONR and the AEC. 
a ae Maze, Ehrenfest, and Freon, J. de phys. et rad. 10, 39 

2G. Molitre, Lectures on Cosmic Radiation (Dover Publications, 
New York, 1946), edited by W. Heisenberg. 

3G. Cocconi, Phys. Rev. 72, 350 (1947). 


rise in counting rate is found which attains many times 
the expected value at separations of 20 or 30 cm. The 
showers that are responsible for this discrepancy at 
small separations we call “narrow air showers.” Al- 
though this discrepancy was noted long ago, no detailed 
investigations were made concerning it until the 
experiments of Alichanian e¢ al.‘ Many questions con- 
cerning narrow showers were still unanswered precisely 
and hence the present experiments were undertaken. 
The observations to be described consist of measure- 
ments of the decoherence curve for different elevations 
and different counting areas, some absorption measure- 
ments, and subsidiary experiments to test the impor- 
tance of local showers. 


THE DECOHERENCE CURVE 


Most of the experiments were performed with the 
arrangement of counters indicated in Fig. 1. Four trays 
of four counters each were arranged as two telescopes 
of wide angle in order to minimize the accidental coin- 
cidences. The counters had copper cathodes 20.5 cm by 
4.3 cm in glass envelopes and were filled with argon 


‘A. Alichanian ef al., J. Phys. U.S.S.R. 10, 296, 518 (1946); 11, 
16 (1947). 
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mixed either with alcohol or with ethyl ether vapor. The 
resultant efficiencies were more than 99 percent. Each 
tray thus had an effective area of 320 cm?. Triple coin- 
cidences (J) between counters 123 and quadrupole 
coincidences (Q) were simultaneously recorded as a 
function of the distance d for three elevations: New 
Haven, Connecticut, 10 meters above sea level, Denver, 
Colorado, elevation 1640 m, and Climax, Colorado, 
elevation 3510 m. The counters were placed either in a 
truck or in small houses close to thin wooden roofs of 
thickness about 1.3 g/cm?. The effect of such a covering 
is small, as discussed in more detail below. 

The coincidence circuits were simple Rossi circuits 
with 6SJ7 tubes, and thyratrons were used to drive 
mechanical recorders. The resolving time was of the 
order of 8u sec. and corrections to the counting rates 
were made for accidental coincidences. 

The six curves obtained are shown on a log-log scale 
in Fig. 2. The long plateau and the increase in counting 
rate for small separations are evident in each case. 

The portion of the curves for separations greater than 
about 1 meter results entirely from extensive cascade 
showers. Hence, if the separation is measured in radia- 
tion units in air at the pressure where the observations 
were taken, the three curves should be identical except 
for an intensity factor dependent on elevation. It is 
possible to compare the curves on this basis if the 
ordinates and abscissas are reduced by the factors given 
in Table I. The decoherence curves reduced in this 
fashion are shown in Fig. 3. It is apparent that for large 
separations all the observations can be considered to 
lie on a common curve. The variation of the occurrence 
of extensive showers with elevation as given in the last 
column of Table I is in good agreement with that deter- 
mined by Kraybill.® 

For small values of d the situation is quite different. 
The decoherence curves do not reduce to a common 
shape and hence disagree with the predictions of the 
cascade theory. We can separate the narrow showers 
from the extensive ones by extrapolating the observed 
plateaus of Fig. 2 to the smallest separations and sub- 
tracting. The resultant curves are shown in Fig. 4 on a 
linear scale. It has been assumed that the decoherence 
curve for extensive showers has zero slope for distances 
less than about 1.5 meters and the counting rate at this 
distance has been subtracted from those at smaller 
distances. The standard deviations of the points have 
been correspondingly increased. No reduction to com- 
pensate for a change in pressure has been made. 

It is evident that the variation with elevation is much 
less for narrow showers than for extensive ones. The 
increase from sea level to 3510 m is only by a factor of 
4 for d= 20 cms instead of by a factor of 12 as for ex- 
tensive showers. This slow variation with elevation is 
characteristic of only the hard component of cosmic 
radiation and suggests that a genetic relation exists. As 


5H. L. Kraybill, Phys. Rev. 73, 632 (1948) and private com- 
munication. 
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TaBLE I. Factors by which d and the counting rate should be 
divided to reduce the decoherence curves to sea level. 











F, F actor for 
Location Elevation Pressure faa : — 
New Haven 10 m 1030 g/cm? 1 1 
Denver 1640 865 0.84 4 
Climax 3510 675 0.65 12 








will become evident, corrections for the pressure varia- 
tion may modify this conclusion. 

Some observations were also made at Climax of the 
decoherence curves for different sensitive areas in each 
counter tray. These data are presented in Fig. 5. It is 
evident that the narrow showers become relatively less 
prominent, compared with extensive showers, as the 
area is decreased. 


PROBABILITY CONSIDERATIONS 


To interpret experiments on showers, it is always 
essential to calculate the probability that a count be 
recorded when the desired phenomenon occurs. Let us 
consider a simple model that should apply to our ob- 
servations. Assume first that the showers under con- 
sideration come from the vertical direction and have an 
axis such that the N rays in the shower are distributed 
at random in azimuth about this axis. The probability 
distribution with respect to distance r from the axis we 
shall denote by p(r) and assume that p(r) is normalized 
according to 


f 2arp(r)dr=1. (1) 


Let the number of showers with N rays be f(\) per 
unit area per second. Suppose two counters of areas S; 
and S» are arranged as shown in Fig. 6. It can be shown® 
that the probability P that a shower of N rays with 
an axis through the point (r, 0) will give at least one 
ray through each counter is 


P=1—(1—pi)¥—(1—p2)¥+(1—pi- pa)", (2) 


soc’ 
a ee ) 
am g ies 


7.7CM 


0000 4 -La000 z 


Fic. 1. Arrangement of 4 trays of counters to form 2 telescopes. 





®C. G. Montgomery and D. D. Montgomery, J. Frank. Inst. 
221, 59 (1936). 
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Fic. 2. Decoherence curves for triple and quadruple 
coincidences at three elevations. 


where the a priori probabilities p1 and p2 are given by 
pi=Sip(ri), p2=Sep(r2). (3) 


The coincident rate C of the two counters is then 


J. 


The lower limit of the sum could as well have been 
taken as 1 or 0 in Eq. (4) since P is zero for these values 
of N. If the probabilities p; and p2 are not too large, P 
can be approximated by 


Pee (tool), (5) 


rdrd@ > Pf(N). (4) 


N=2 


and the sum in (4) replaced by an integral. Hence 


rdrd@ f (1—e-?%)(1—e-P2") f(N)dN. (6) 


N=2 


C= 


plane 


It is customary to represent the integral distribution 
of shower sizes by a power law. Thus let 


F(N)= f f(N)dN=A/N? (7) 


and 
f(N)=yA/N™. (8) 


If this function is inserted in Eq. (6) and the substitu- 
tion x= p~i1NV=p(r1)SiN is made, Eq. (6) becomes 


v2) 


c= f rdva f (1—e-*)(1—e— Po Pz) 
plane r=(r,)S, 


yA 
X—L[o(r)Si}ydx. (9) 
xytl 
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Fic. 3. The data of Fig. 2 reduced according to Table I. 
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Now if the counting rate resulting from showers con- 
taining only a few rays is small, the lower limit of the 
second integral can be replaced by a small constant. In 
this case it is evident that, if the counter areas are 
altered by the same factor, so that p2/p1 remains con- 
stant, the counting rate C is proportional to S’. The 
observations shown in Fig. 5 can be used to test this 
relation and to determine the parameter y. In Fig. 7 
the data have been replotted on a double logarithmic 
scale. It can be seen that the variation with area can 
indeed be approximated by a power law, but with an 
exponent y which is different for the narrow and the 
extensive showers. For the latter y is 1.4 in agreement 
with other observers,® but for the narrow showers the 
observed slope corresponds to a value of y between 3.0 
and 3.6 with a most probable value of 3.2. Again in 
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Fic. 4. Decoherence curves with extensive showers subtracted. 
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this respect the behavior of narrow showers appears to 
be characteristically different from that of extensive 
ones. Caution must be observed here, however. For 
such a large value of y it may not be permissible to 
neglect the effect of the lower limit of the second integral 
in Eq. (9). In fact if the lower limit were zero, the 
integral diverges at this limit for y>2. In a rigorous 
calculation Eqs. (2) and (4) should be employed. 

It is perhaps suggestive that y so determined is 
close to 3. Such an exponent in the power-law distribu- 
tion of the frequency of showers of NV rays would be 
expected for cascade showers produced by knock-on 
and disintegration electrons of mesotrons. 

Equation (9) can also be employed to find the shape 
of the decoherence curve. For extensive showers the 
function p(r) has been calculated by Moliére? and can 
be expressed as shown by Bethe’ by the approximate 
analytic form 


0.45 
oe)=—( 144" exp| - (= -)} + ~<05, (10) 


where the unit length 19 is given by 


E,X 
; (11) 


E.and Xo being the familiar cascade parameters and E, 


the characteristic scattering energy*® which is equal to 
21 Mev. 

The occurrence of the singularity in p at the origin 
prompts one to suspect that a peak also occurs in the 
decoherence curve at the crigin, contrary to Moliére’s 
calculations.’ It should be noticed that p occurs raised 
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Fic. 5. Decoherence curves for different sensitive areas. 


7H. A. Bethe, Phys. Rev. 72, 172 (1947). 

8 B. Rossi and K. Greisen, Rev. Mod. Phys. 13, 240 (1941). 

9 Similar conclusions have been drawn for ionization chambers 
by J. M. Blatt, Phys. Rev. 75, 1584 (1949). The authors are 
indebted to Dr. Blatt for allowing them to see before publication 
& manuscript dealing with this question. 
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Fic. 6. Definition of symbols. 


to the y-power in the integrand of Eq. (9). Consequently, 
the exact manner in which the probability P approaches 
zero and the lower limit of the integral are important in 
the determination of the value of the counting rate C. 

The interpretation of the variation of the counting 
rate with elevation is complicated by the change in 
atmospheric pressure. From Eq. (11) it is evident that 
the unit length 79 is proportional to the cascade param- 
eter Xo which is in turn inversely proportional to the 
pressure. Comparison at two elevations should not, 
therefore, be made for the same values of the counter 
separation d nor for the same counter area A at the two 
elevations. The counting rate must depend on pressure, 
by Eqs. (6) and (8), as 


C=Co(p*S, pd)A(p). 
If C is proportional to S7, then 
= PSA (p)g(pd), (13) 


where g is the function giving the decoherence curve. 
To find the ratio of the intensities A at two elevations 
with pressures ~; and 2, such values of d should be 
chosen that pd and therefore g(pd) remains constant. If 
the area A is also taken constant, then 


ane (*)" 
A(p2) C(p2)\pr 


For extensive showers, taking for p; and 2 the pressures 
at Climax and sea level, respectively, we have y=1.4 
and 


(12) 


(14) 


A(p1)/A(p2) = 12(1030/675)**!-4= 39, 


For the narrow showers, from the data of Fig. 4, the 
counting rate at d=50 cm at Climax can be compared 
with that for d=33 cm at sea level. The exponent 
y=3.2 but may be as small as 3.0 or as large as 3.6. 
The intensity ratio is thus most probably 


A(p1) - a am 
A(ps) = 


=29, 
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Fic. 7. Dependence of shower rate on counter area. 
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Fic. 8. Arrangement of counters for absorption experiment. 








but may be as small as 24 or as large as 40 depending 
on the value of y chosen. Thus when the variation of 
the spreading function p with pressure is taken into 
account, a change in the shape of the decoherence curve 
with elevation can be understood and the large apparent 
difference in altitude variation of narrow and extensive 
showers becomes much reduced and perhaps eliminated. 

It is evident that more detailed calculations of the 
counting rate C are needed. If, however, the narrow 
showers differ in character from the extensive ones, then 
such calculations require a knowledge of the spreading 
function for narrow showers, as well as of the distribu- 
tion f(”). Even if p for narrow showers is different from 
that given by Eq. (10), it should depend upon pressure 
in the same manner if elastic scattering is the cause of 
the angular divergence of the showers. 


THE ABSORPTION OF NARROW SHOWERS 


Some experiments have also been performed to test 
the penetrating power of the narrow showers. Four 
counter trays each of area 320 cm? were arranged as 
shown in Fig. 8. The lower tray was placed below the 
level of the ground and shielded below and on the side 
by 3 inch of lead in addition. The whole arrangement 
was placed inside a box with a thin top of 0.5 g/cm? 


located immediately over trays a, c, d. Triple coin- 
cidences were recorded for counters a,b,¢ and for 
counters a, b, d. The difference in the counting rates as 
a function of the thickness of the lead between trays 
a and 6 is taken as a measure of the absorption of the 
narrow showers; the counting rate a, b, d is the result 
of the extensive showers alone. The results of this ex- 
periment are shown in the semilogarithmic plot of 
Fig. 9. The absorption of the extensive showers is in 
agreement with that measured by other observers.’° The 
penetrating power of the narrow showers is greater than 
that of the extensive ones. The absorption corresponds 
to a mean free path of 9 cm of lead or about 100 g/cm’; 
for extensive showers the mean free path is 67 g/cm’. 

We have also measured the absorption of 41 g/cm? 
of aluminum and that of 73 g/cm? of aluminum. These 
points have been plotted in Fig. 9, first on the assump- 
tion that the absorption is mass proportional and 
second with the thickness measured in radiation units. 
For extensive showers the iron and aluminum points 
agree approximately with the absorption in lead when 
the thicknesses of the absorbers are expressed in radi- 
ation units. For the narrow showers the converse is true 
and the iron and aluminum points fall approximately 
on the lead curve only if the thicknesses are expressed 
in g/cm’. 

There are thus two important differences between the 
absorption of narrow and extensive showers. (1) The 
narrow showers ‘are more penetrating than extensive 
ones and (2) the absorption is mass proportional for 
narrow showers but for extensive showers equal absorp- 
tion occurs for equal thicknesses in radiation units. 
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Fic. 9. Absorption of narrow and extensive showers. 


























10 For example, G. T. Reynolds and W. D. Hardin, Phys. Rev. 
74, 1549 (1948). 
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Fic. 10. Test of roof effect. 


SUBSIDIARY EXPERIMENTS 


Several additional observations were also made. In 
order to test the effect of the roof of the counter housing, 
an experiment was made in a house with a roof of ? 
inch of wood. Triple coincidences were recorded from 
three counter trays arranged as shown in the insert to 
Fig. 10. The decoherence curve was measured with the 
three trays placed as close to the roof as possible and 
then with the trays 1.5 meters below the roof. The 
counting rates when the trays were far from the roof 
were larger by a constant factor than those with the 
counters close. It seems likely that some production of 
ionizing rays occurs in the roof. With the roof 1.5 meters 
above the counters, the rays produced diverge and 
separate sufficiently to produce additional counts; 
when the roof is close the spreading is not large enough 
to cover both trays. We conclude that roof effects are 
best minimized by placing the counters as close as pos- 
sible to the roof. 

A rough check was made to find the effects of changing 
the number of counters in coincidence and hence of 
changing the minimum number of rays necessary to 
record a shower. In all cases so far described, only two 
rays were necessary. Four coincidence trays of 320 cm? 
area were used and in addition an anticoincidence tray 
of 640 cm? area was placed at a distance of 2.5 meters 
to eliminate the extensive showers. The four trays were 


‘ arranged either as two telescopes (A), as one telescope 


and two single trays (B) or as four single trays (C). The 
average distance between any two trays was about 30 
cm. Table II gives the counting rates observed. The 
observations were made at sea level. 

The change in counting rate is thus a very sensitive 
function of the number of counters. This is another 
indication that the shower distribution function de- 
creases rapidly with increasing number of rays. If a 
power-law expression is possible, the exponent y must 
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TABLE IT. Narrow showers as a function of number of counters. 

















Minimum Counting Standard 
Arrangement number rate deviation 
(see text) of rays min.~! min.~! 
A 2 0.151 0.008 
B 3 0.024 0.003 
C 4 0.010 0.0014 
2 
> Fem. 
0000 | OOOO OOOO} j|OOCO0O 
ANTI* COINCIDENCE Al 
COUNTER TRAYS IN 
PARALLEL genes O00O0 
FOUR TRAYS OF COUNTERS 


IN COINCIDENCE 


Fic. 11. Arrangement of counters to test effect of 
material between telescopes. 


be large. It is not possible to determine y quantitatively 
in this manner without a knowledge of the spreading 
function p because of the effect of the lower limit of the 
integral in Eq. (9). For extensive showers the lower 
limit can be taken as zero, and the values of y obtained 
in this way agree, as Cocconi has shown, with the 
values found from the variation with area. 

Since the variation with the number of counters is so 
rapid, it seems likely that the telescopic arrangement of 
trays used does have some directional selectivity and 
that the counters are not often discharged by rays 
coming at large angles with the vertical. This fact, in 
turn, agrees with the small ratio in the number of triple 
and quadruple counts as shown by the data of Fig. 2. 
From simple geometrical estimates, a ratio as small as 
that observed is possible only if the rays from narrow 
showers are concentrated about the vertical direction. 

Finally an experiment was performed with the 
counters placed as shown in Fig. 11, similar to arrange- 
ment A of Table II. Nine cm of aluminum was inter- 
posed between the two telescopes as shown. The 
counting rate was found to be unchanged within the 7 
percent statistical error of the measurements. We again 
conclude that the rays causing the counts are concen- 
trated about the vertical direction. 
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The Paschen-Back Effect in NH; and N.O Microwave Spectra* 
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(Received August 5, 1949) 


The Paschen-Back effect in the microwave spectra of NH; and NO has been investigated in this experi- 
ment with a resonant cavity spectroscope. These molecules are known to possess relatively small values of 
nuclear electric quadrupole coupling and thus favor the realization of the Paschen-Back effect without 


prohibitively high magnetic fields. 


The results for N“Hs, representing a case of one-nuclear (N“) coupling, show the effects of gradual de- 
coupling of the nuclear spin from molecular rotation. The existence of the “forbidden” lines, whose inten- 
sities diminish with increasing field, indicates that the decoupling is not quite complete even in a field of 


10,000 oersteds. 


The results for N'“‘N“O'*, representing a case of two-nuclear (N“, N'‘) coupling, show that the decoupling 
is almost complete at a field of 10,000 oersteds. An asymmetry of the Paschen-Back pattern for a AJ #0 
transition is ascribed to the non-linear dependence of the nuclear quadrupole coupling energy upon My 


and My}. 


The measured results are found to be in good agreement with quantum mechanical calculations. Also, con- 
sistent with the theory of the structure of the Paschen-Back pattern, it is shown that the molecular 
g-factors and the nuclear quadrupole coupling factors can be determined directly from experimental] data. 





I. INTRODUCTION 


N a previous paper,! the writer has investigated the 
Zeeman effect in microwave molecular spectra. It 
was shown that, if a molecular spectral line possesses a 
multiplet structure on account of a coupling energy 
between the nuclear spin and molecular rotation, the 
Zeeman effect of the multiplet structure can be ac- 
counted for by the combined magnetic contributions 
due to the nuclear and molecular g-factors. The under- 
lying assumption for the Zeeman effect is that the 
energy change caused by the interaction of the external 
magnetic field with the nuclear and molecular magnetic 
moments is very much smaller than the energy dif- 
ferences in the multiplet structure. Under these con- 
ditions, the Zeeman splitting is a linear function of the 
field strength. As the external magnetic field is increased 
to the extent that the magnetic interaction energy 
becomes comparable with that of the multiplet sepa- 
ration, significant departures from linearity result. 
Further increase of the field accentuates still more the 
role of the magnetic energy relative to the multiplet 
separation energy, until the field is strong enough to 
decouple completely the nuclear spin from the mo- 
lecular rotation. Following the usage in atomic spectra, 
the phenomenon representing the transition from the 
state characterized by the Zeeman effect to that of 
complete decoupling is called the Paschen-Back effect. 
The Paschen-Back effect in molecular spectra can 
play an important role in elucidating the nature of spin- 
rotation coupling relations in a manner analogous to 
its role in atomic spectra. It affords a direct means for 


* The research reported in this document was made possible 
through support extended Cruft Laboratory, Harvard University, 
jointly by the Navy Department, ONR, the Signal Corps of the 
U. S. Army, and the U. S. Air Force, under ONR Contract 
NSori-76, T. O. 1. 

‘© K. Jen, Phys. Rev. 74, 1396 (1948), hereafter referred to 
as (I). 


determining the molecular g-factor, which is responsible 
for the principal splitting in the completely decoupled 
state. Also, it gives a further check on the correctness 
of the theory of the Zeeman effect. 

As regards the experimental realization of the 
Paschen-Back effect, the magnetic field required is 
essentially determined by the ratio of the spin-rotation 
coupling to the combined g-factor. It is evident, for any 
given resolution of the apparatus, that this ratio must 
be fairly small in order that the requisite magnetic field 
may not be prohibitively high. In practice, not very 
many molecules known in microwave spectra can satisfy 
this condition. The molecules NH; and N,0 are fairly 
typical of those whose electric quadrupole couplings are 
small enough to make the Paschen-Back effect real- 
izable. They are thus taken as the subject of investiga- 
tion for the present experiment. 


II. A NEW MICROWAVE CAVITY 
SPECTROSCOPE 


The essential features of a microwave resonant cavity 
spectroscope, together with circuit arrangements and 
principles of operation, have been presented in (I). For 
this and ‘subsequent work, however, a new cavity has 
been constructed which is an integral part of the electro- 
magnet assembly. The new apparatus embodies a 
number of mechanical improvements for the cavity and 
an electromagnet supplying a variable magnetic field 
up to 10,500 oersteds with approximately one percent 
spatial inhomogeneity. 

Figure 1 shows, on the right-hand side, a cylindrical 
cavity soldered to one end of a magnetic pole piece and, 
on the left-hand side, a tuning plunger made to slide 
through another pole piece. The cavity, made of copper, 
is machined to an internal diameter of 1.949 inches. 
The hole at the bottom of the cavity is to couple 
microwave energy into the cavity from a wave guide 
which passes through the magnetic pole piece. This 
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coupling hole has a diameter of 0.166 inch and is offset 
from the center of the cavity by 0.25 inch. The tuning 
plunger consists of a long beryllium copper rod attached 
to a copper disk, which, in the assembled position, is 
able to move axially in the cavity with a very small 
clearance from the cavity wall. The rear side of the disk 
(facing the rod) is painted with powdered graphite in a 
ceramic binder, to attenuate extraneously coupled oscil- 
lation modes. 

In Fig. 2, the cavity is shown in place between the 
pole pieces in the assembled position (the cavity being 
now soldered to the other pole piece as well). A circular 
loop of insulated wire, for the measurement of the mag- 
netic field strength, is embedded in the wall of the 
cavity and is connected to an external fluxmeter by a 
pair of twisted leads. A large mocrometer head, which 
moves the tuning plunger and the sylphon bellows, 
controls the cavity tuning. The cavity setting, as 
measured by the micrometer reading, corresponds to a 
definite frequency scale for any given mode of oscilla- 
tion. For very small plunger displacements, corre- 
sponding to minute changes in resonance frequency, a 
demountable precision dial indicator is coupled to the 
micrometer head, as shown in the picture. Other 
incidentals such as two pump leads and a mica window 


at the flange end of the wave guide may also be seen. 


Figure 3 gives an over-all view of the whole apparatus 
when the center section, shown in Fig. 2, is assembled 
with the rest of the electromagnet. The wave guide 
leading from the bottom of the magnet indicates the 
manner of the microwave coupling to other parts of the 
measuring equipment. 


Ill. EXPERIMENTAL RESULTS FOR N"“H; 
INVERSION SPECTRUM 


The Paschen-Back effect in various N'H; inversion 
lines has been found, except for differences in the rela- 
tive complexity of patterns, to be not fundamentally 
different from one line to another. As might be expected 
from its low J-number, the /K=11 line shows a simple 
and more readily resolved pattern. This line is thus an 
appropriate subject for the present analysis. 

Figure 4 shows the frequency separation between the 
centers of the two branches of o-components as a 
function of the field strength. It is seen that a linear 
relation is maintained up to 3000 or 4000 oersteds. For 
still higher fields, there is a slight non-linearity and a 
gradual approach to a new straight line, whose slope 
corresponds to a g-factor approximately equal to the 
molecular g-factor (gmoie) obtained in (I). The transition 
is very gradual, as would be expected from the approxi- 
mate equality between the combined g-factor, which 
controls the Zeeman splitting, and the molecular 
g-factor, which controls the Paschen-Back splitting in 
the decoupled state. 

The lower picture in Fig. 5 is a reproduction of the 


oscilloscopic pattern? for the /K=11 line at a constant 
field of 8500 oersteds. The intensities of the strong lines 
(main z-line at the center and two strong o-lines on 
each side of the center) were found to be essentially 
independent of field, whereas those of the weak lines 
diminished very noticeably with increasing field. How- 
ever, the weak lines were found to be still detectable 
even in a field of 10,000 oersteds. 


IV. THEORY OF THE PASCHEN-BACK EFFECT IN 
MOLECULES WITH ONE-NUCLEAR COUPLING 


In order to interpret the experimental results de- 
scribed above, a brief theory of the Paschen-Back 
effect applicable to a symmetric top or linear molecule 
with one-nuclear coupling is sketched below. The total 
Hamiltonian’ may be written as 


H=HKet+KHut+Ko, (1) 
where 3Cg= Hamiltonian for molecular rotation, : 


Ry= — Smolebod 9 H—gywol- H, 
Hq=C{3(J-1)?+3J-1- PP} 


and 





o 07V (1 3K? ) 1 
Ta J(J+1)/ 21(21—1)(2J—1)(27-+3) 
£mole, v= molecular, nuclear g-factors, 


J, 1=molecular, nuclear angular momentum vector 
operators associated with J, J quantum 
numbers, 

K=quantum number for molecular angular 
momentum along figure axis, 

Q=electric quadrupole moment of the nucleus 
for the state M;= I (M=magnetic quan- 
tum number), 
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Fic. 1. The microwave cavity and the magnet pole pieces 
(unassembled view). 


2 A photograph of the entire pattern is not feasible because of 
the narrow field of the cavity resonance. 
3 The nuclear magnetic dipole interaction with the molecular 


rotation field is neglected. 
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Fic. 2. The microwave cavity and the magnet pole pieces (assembled view). 


V=electric potential at the nucleus in question 
due to all surrounding charges, 
z= ordinate along figure axis, 
o= nuclear magneton. 


The first term, 3Cz, on the right-hand side of Eq. (1) 
represents the Hamiltonian for the rotational state JK 
(or JK6, where 6 is used for describing inversion or 
other types of doubling). The second term, 3Cz, contains 
the sum of the magnetic energy operators for the 
molecular and nuclear magnetic interactions. The last 
term, 3Cg, represents the nuclear quadrupole interaction. 

In treating the problem for intermediate fields, a 
representation designated by JIM ,Myz, in which the 
matrices for 3Cr and 3x are already diagonal (whereas 
the matrix for 3g is not), can be used and then a 
unitary transformation can be made such that the 
matrix for 3C is diagonal in the transformed representa- 
tion. The matrix elements for 3g are non-vanishing 
only for the following transitions: 


AM;=0, AM;=0; 
AM,;=+1, AM;=¥1; (2) 
AM ;=+2, AM;= 2. 


The matrix elements of 3Cqy and 3g** can be shown 
to be as follows: 


(M5M1|Hx|MsM1)=—(Msgmoret+Mign)moH, (3) 
(MsM1|53Q|MsM1)=(C/2){J(J+1)—3M 7} 
x {1+1)—-3MP}, (4) 

(Ms+1M7¥F1|HQ|M M1) 

= (3C/4)(2M s+1)(2M;¥1) 

X[JU#FMs)(J4M +1) 0T4M1)IFM1+1)}}, (5) 
(Ms+2M1¥2|HeQ|MsM72) 

= (3C/4) [JM s) JM s—1)\( JM +1) 

X (J+Ms+2)T+M1)(T+M1-—1) 


X UFM1+1)IFM1+2)}*. (6) 


‘ Kellogg, Rabi, and Ramsey, Jr., Phys. Rev. 57, 677 (1940). 
SE. U. Condon and G. H. Shortley, The Theory of Atomic 
Spectra (Cambridge University Press, London, 1935). 


The solution for the eigenvalues is obtained by solving 
the secular equation of the (27+1)th or (2J+1)th 
order (depending on which is smaller). The solution is 
very simple for an almost infinitely high field (for an 
assurance of complete decoupling), because only the 
diagonal elements as shown in Eqs. (3) and (4) need 
to be considered. The result is 


W(H-@ )= Wr(JK6)— (M sgmote+M 1gn) MoH 
+(C/2){J(I+1)—-3M 7°} (1T+1)—-3M7*}. (7). 


The calculations for the line intensities can be more 
conveniently carried out by the perturbation method. 
For brevity, let a denote M;My, with J and IJ as con- 





Fic. 3. The microwave cavity spectroscope for measuring 
Zeeman and Paschen-Back effects. 








the 
eed 


(7) 


ore 
od. 
on- 








PASCHEN-BACK EFFECT 


1497 





T | 


Ps UNDISPLACED LINE POSITION 


I | | | | | | 





Fic. 4. Zeeman and Paschen- 
Back splitting for NH; lines as a 
function of the magnetic field. 
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stants, and 6 denote M,;-M; with a constant J’ not 
necessarily equal to J, and J’ always equal to J. Further, 
let A and B represent states in an intermediate mag- 
netic field which would go over, respectively, to the 
states represented by a@ and £ at infinite field. The 
intensity of transition is known to be proportional to 
|(A|P|B)|?, where P=electric moment vector. This 
matrix element (A| P| B) is, to the first-order preturba- 
tion, as follows :5§ 





(a| P| B’)(6’| Hq] 8) 
A|P|B)=(a|P|8)+ 
(A|P|B)=(a|P|8) », Wo(8)—Wo(6’) 


P| a’)(a’| Hela 
(8| P| a’)(a’| He| ) (8) 
Wo(a) —_ W(a’) 





a’ Aa 
where each W, has the following form 


Wo(a)=Wr(JK6)+Wu(MsM71) 
= Wr(JK58)— (MsEmote+ M rgn) uoH, (8a) 


which is the unperturbed energy consisting of the rota- 
tional energy plus the magnetic energy in an uncoupled 
state. In addition to the rules given in Eq. (2) for the 
non-vanishing of the matrix elements of 3g, the fol- 
lowing selection rules for the non-vanishing of the 
matrix elements of P, such as (a| P|), are also essential 


AJ=0, +1, AM;=0,+1, AM;=0. (9) 
If for two states, a and 8, the selection rules in Eq. (9) 
are satisfied, then (a| P|) in Eq. (8) is finite while the 
summation terms vanish. The intensity of the transi- 


® For conciseness, a small effect has been neglected resulting 
from the wave function not being renormalized after perturbation. 
Actual numerical calculations presented in Section V_ have, 
however, taken this into account. 


4000 6000 8000 10900 
MAGNETIC FIELD IN OERSTEDS 





















tion between A and B is independent of the field 
strength to this degree of approximation. Such transi- 
tions are said to be “allowed” in the decoupled state. 
On the other hand, if the conditions in Eq. (9) are not 
satisfied, (a| P|) would certainly vanish, but the sum- 
mation terms will not necessarily be zero. Wherever the 
latter terms contribute something, the transition be- 
tween A and B would have a finite intensity, in spite of 
the fact that it is “forbidden” by the selection rules in 
Eq. (9). Such contributions are, however, necessarily 
field-dependent, because the denominator in each sum- 
mation term is seen to be proportional to H from Eq. 
(8a). The intensity of such “forbidden” lines vary, to this 
approximation, inversely as the square of magnetic field 
strength. 

The characteristics of a Paschen-Back pattern in 
intermediate fields, when one nuclear quadrupole 
coupling is involved, will be illustrated by a concrete 
example in Section V. However, a few salient features 
of the general problem can be brought out by treating 
the case of an almost infinitely high field. Using Eqs. 
(7) and (9), the following results for the transition fre- 
quencies are obtained. 

(a) The JJ transition frequencies (H—~) are: 


Vx=VR;, (10) 
ve+(M M7) =vrt { 8mote( HoH /h) 
+ (3C/2h)(2Ms+1)[TU+1)—3M7?]}, (11) 


where M;#J and h=Planck’s constant. The -transi- 
tion is a single line at the rotation frequency vg. The 
g-transition consists of a fine structure with 2/(I+1) 
components in each branch (+ or —). The two branches 
of the o-transitions are symmetrical with respect to vr 
and the components of each branch are symmetrical 
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Fic. 5. Theoretical and experimental Paschen-Back patterns 
for N“H; JK=11 line at H=8500 oersteds. (In the middle 
diagram, each line represents the over-all intensity of a group of 
transitions whose positions are indicated by the dots.) 


with respect to its center of gravity. The effect of the 
nuclear g-factor is necessarily absent in the decoupled 
state because AM;=0. The molecular g-factor is related 
to the o-transitions, by Eq. (11), as follows: 


h{v.+(MsM1)—v.-(MyM7)} 








§mole = ’ (12) 
2uoH 
or 
h{v,t(c.b.)—v.~(c.b.) } 
= ; (13) 
2uoH 


where c.b. denotes the center of each branch. The 
constant C, which is proportional to the quadrupole 
coupling factor, is related to the fine structure separa- 
tion, again by Eq. (11), as follows: 
2h{ve*(M s'M1')—v.+(M M71) } 
C=+ . (14) 
OMS DUG De 
— (2M ;+1)[77+1)—3M7"]}} 

(b) The J—J-+1 transition frequencies (H—~ ) are: 

ve(M M1) =vrt+(1/2h) {C’L(J+1)(J+2)—3M 7? ] 


—CLJ(J+1)-3M 7? }}U0+1)—-3M7*] (15) 





and 
poll 3C’ 
ve*(M yM1)=vr+ Smote— + ML 1)—3M7] 


+(1/2h) {C’T[J+1)J+2)-3(MP+1)] 
—C[J(J+1)—3M7]}}U(I+1)—-3M 77], (16) 


where C’ has the same expression as C, with J replaced 
by J’=J+1. It is seen that the z-transition has a fine 
structure with (J+1)(J+1) components, while each 


c. &. jen 


branch of the o-transition has (2J/+1)(J+1) com- 
ponents. One important feature of these transitions is 
the asymmetric nature of the patterns. The pattern for 
the x-transition is not symmetrical with respect to vp, 
while the pattern for the o-transitions is neither sym- 
metrical with respect to vz nor with respect to the 
x-transitions. Expressions similar to Eqs. (12)-(14) can 
be easily derived for this case also, but they will not 
be given here. 


V. CALCULATIONS FOR N“H; AND COMPARISON 
WITH EXPERIMENTAL RESULTS 


The solution for the N'4H; eigenvalue problem in 
intermediate magnetic fields is relatively easy, because 
the order of the secular equation is cubic [7(N)=1]. 
The determinantal equation is 


6u—E E12 613 
&21 62—E S23 =0, (17) 
631 S32 63:—E 


where 

Eu=— {(M+1)gmoiet gy } mo 
—(C/2){JJ+1)-—3(M+1)*}, 

b22= — M gmoieuo +C {J(J+1)—3M}, 

ss= — {(M—1)gmotet+ gw } wo 

—(C/2){JJ+1)—-3(M—1)*}, 

612= 62 = —[3C/(8)*](1+2M)[J+1+M)(J—M)}}, 

S23= 832= —[3C/(8)*](1—2M) [J+1—M)J+M)}, 

813= $= (3C/2)[ {J+1)*— M2} (J?—M?) }, 


and M=M,+M,, E=W—Wr(JKéb). 

The calculated results for EZ as a function of the mag- 
netic field are plotted in Fig. 6, using constants pre- 
viously obtained in (I). For direct comparison with 
experiment, transition frequencies between the two 
inversion levels’ and their intensities according to Eq. 
(8) are calculated for a constant field of 8500 oersteds 
and plotted in the center picture of Fig. 5. It is seen that 
there is generally a good agreement between the theo- 
retical and experimental results.’ Each strong line in 
the experimental pattern is now recognized to represent 
one (or several) of the allowed transitions satisfying Eq. 
(9). The weak lines, having field-dependent intensities 
are “forbidden” by the same selection rules. The 
statement made in Section III, that the weak lines 
were barely detectable in a field of 10,000 oersteds, 


7 For convenience, transitions are indicated in Fig. 6 between 
the magnetic levels belonging to one inversion state instead of 
two magnetic levels, one belonging to each inversion state. 

8 The rimental intensity of the z-line at the center 
(4M ;=A4M;=0) should not be compared on the same basis with 
those of the o-lines, because the cavity-mode responses do not 
give w- and o-lines the same weight factor. 
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should mean that the decoupling is not quite complete 
even in this field. 

The agreement between the theory and experiment 
in the case of the molecular g-factors is also quite satis- 
factory. Equation (12) or (13), which applies directly 
to the case of N'4H3, states that the gmoie can be deter- 
mined from the frequency separation between the 
centers of the two branches in the o-transition at very 
high fields. The experimental results plotted in Fig. 4 
show that the measured g-factor at high fields does 
approach asymptotically the value previously obtained 
in (I), £mole= 0.48. 

The two strong lines in each branch of the experi- 
mental pattern for the o-transition in Fig. 5 are inter- 
preted, in the light of the theory, as two distinct groups 
of unresolved fine structure lines. The frequency 
separation between the two groups is, by Eq. (14), a 
measure of the nuclear quadrupole coupling factor. A 
determination of the coupling factor from the Paschen- 
Back pattern gives a result in essential agreement with 
the value determined from the multiplet structure at 
zero field. 


VI. PASCHEN-BACK EFFECT IN N.O SPECTRUM 


The microwave rotational spectra of N2O were 
studied first by Coles, Elyash, and Gorman,’ later by 
Smith, Ring, and Gordy,!° and more recently by Coles 
and Hughes." The first group of observers determined 
the rotational frequencies of N’*N'“O (O for O' 
throughout this section) and N'®N'4O and gave values 
for the nuclear electric quadrupole coupling factors for 
the end and center N"™ nuclei. The second group of 
observers redetermined the quadrupole coupling factor 
for the end N' nucleus by applying Bardeen and 
Townes’ theory” of two-nuclear coupling to their own 
results. The last group published the frequency mea- 
surement of the two other isotopic species, N'4N!5O and 
N'5N150, 

The N2O molecule is interesting from the standpoint 
of studying the Paschen-Back effect because, first, its 
quadrupole interaction is conveniently small, and 
second, it offers a variety of different quadrupole 
coupling types (N'4NO for two-nuclear coupling, 
NNO and N'4NO for one-nuclear coupling at dif- 
ferent positions, and N'*NO for no coupling). The 
simplicity of a J=0—1 transition is another favorable 
feature. 

In this experiment, some detailed studies on the 
N"N!4O spectrum and a brief examination of the effects 
in N45N“O have been made.!* In the case of N'4N“O, 
the end N" nucleus has a quadrupole coupling factor 


® Coles, Elyash, and Gorman, Phys. Rev. 72, 973 (1947). 

10 Smith, Ring, and Gordy, Phys. Rev. 73, 633 (1948). 

1D, K. Coles and R. H. Hughes, Phys. Rev. 76, 178 (1949). 

2 J. Bardeen and C. H. Townes, Phys. Rev. 73, 97 (1948). 

18 The author is indebted to Professor E. B. Wilson, Jr. and 
Dr. D. K. Coles for generously supplying samples for this experi- 
ment. 
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(eQ/h)(@V/dz*)= —1.02 mc/s” (to be compared with 
the value —4.18 mc/s for N' in N'4H;) and the center 
N™ has a factor of —0.27 mc/s.® Figure 7 shows the 
observed triplet structure for N'4N“O in zero field. 

According to the theory,!? the two lower-frequency 
triplet components are expected to have fine structures 
of their own, provided the resolution is sufficiently 
high. The theoretical results in zero field are illustrated 
by the spectrum drawn directly above the experimental 
pattern. Since one nucleus has a much stronger coupling 
than the other, the gross triplet structure is essentially 
due to the stronger coupling, while the fine structure is 
due to the weaker coupling, which can be regarded as a 
perturbation. 

The effect on the N'*N"4O spectrum of increasing the 
magnetic field from zero can be thought of as a Zeeman 
range at extremely low fields and then another range of 
gradual decoupling at somewhat higher fields. Although 
such transition effects have been observed to take place 
qualitatively, they could not be measured with certainty 
because of the presence of many components within a 
frequency range of about one mc/s. 

In contrast with the low field phenomena, the 
Paschen-Back spectrum for N'4N“O at fields above 
H=5000 oersteds presented a strikingly simple pattern. 
There were two stronger o-lines, one on each side of the 
center (position of the zero field strongest line), and two 
m-lines (one strong and one weak) slightly displaced in 
opposite directions from the center. The line intensities 
increased with the field strength, but became almost 
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Fic. 6. Energy levels for N“H; JK =11 state as a function 
of the magnetic field. 
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Fic. 7. Theoretical and experimental zero-field and Paschen-Back 
patterns for N'*‘N“O J=0-—1 rotational transition. 





field-independent beyond H=8000 oersteds. The pat- 
tern at H=9000 oersteds is shown in the lower picture 
of Fig. 7. Use of still higher fields did not result in any 
noticeable change in the pattern. 

The Paschen-Back effect in the N'®N14O spectrum 
at strong fields was found to be essentially the same as 
in the N'4N“O spectrum except that the line intensities 
reached their steady values at a lower field and that the 
a-line apparently remained single and was not appre- 
ciably displaced from the center. 


VII. INTERPRETATION OF THE N:0 PASCHEN- 
BACK SPECTRUM 


The experimental results described in the preceding 
section can be evaluated in terms of a simplified theory. 
It will be assumed that the magnetic field is large 
enough to decouple the nuclear spins from the molecular 
rotation. In the JM ,M, representation, the matrix for 
the total Hamiltonian is sensibly diagonal at very high 
fields. The eigenvalues can be directly written as'* 


W=Wo- {M s8motet+ (M11+M12)gn } MoH 
+(C,/2)J J+1)-3M 7 (i+ 1)—-3Mn7] 


+(C2/2)[J J+ 1)-3M 7 LIe(T2+1)-3M1], (18) 
where all quantities have the same meaning as in Eq. (1) 
except for the subscipts 1 and 2 pertaining to the nuclei 
1 and 2, each of which has a quadrupole coupling. The 
selection rules are also exactly the same as in Eq. (9), 
except that AM;=0 means here AM7,=0 and AM712=0. 

For the N.O spectrum, /1=J2=1, J=0 for the 
ground state, and J=1 for the upper state, the energy 
expressions are even more simplified. It is readily 
shown that the 7(AM,;=0) and o(AM;=+1) transi- 
tions are: 


4H, M. Foley, Phys. Rev. 71, 747 (1947). 
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¥x(M1M 12) = ve +(Ci/h)(2—3M 11?) 
+(C2/h)(2—3M127), 
¥o+(M 11M 12) = vr+ SmoleMoH /h 
—(C,/2h)(2—3M1;) — (C2/2h)(2—3M 12”), 


m-lines : 
(19) 
o-lines : 
(20) 


where each C is the value of C (Eq. (1)) at J=1. The 
molecular g-factor (gmoie) and the quadrupole coupling 
parameters (C; and C2) can be directly derived from 
Eqs. (19) and (20) with the following results: 


h{vet(M1M12)—v.- (MMi) } 


&mole= ’ 


2uoH 
C,=(h/3) {v-(041)—v.(41+1)}, (22) 
Co= (h/3) {ve(4+10)—v,(41+1)}. (23) 


It is noted from Eqs. (19) and (20) that both the - and 
g-lines in the Paschen-Back spectrum for the case of 
two-nuclear coupling have fine structures, resulting from 
the nuclear quadrupole interactions. The o-lines are, 
for the J=0—1 transition, asymmetrical relative to the 
m-lines because of non-linear dependence of the inter- 
action energy upon M, and My. Equation (21) states 
that the molecular g-factor can be deduced from the 
frequency separation between any o-line and _ its 
“image,” if the lines are resolved, or between “-+-” and 
“—” unresolved groups of lines. Equations (22) and 
(23) show that each quadrupole interaction factor can 
be determined directly from the fine structure, if 
there is sufficient resolution for the lines whose separa- 
tion is caused by that interaction. 

A comparison between theory and experiment can 
now be made. Again in Fig. 7, a theoretical spectrum is | 
drawn directly above the experimental pattern for 
H=9000 oersteds, using the coupling factors cited in 
Section VI. The approximate agreement between 
theory and experiment indicates that the spin-rotation 
decoupling is almost complete for the field used. Since 
the fine structure of the o-lines is not experimentally 
resolved and that of the z-line is only partially resolved, 
only the, larger of the two coupling factors can be 
experimentally determined. This yields a result which 
is in essential agreement with the value assumed. 

The experimental determination of gmoie can be 
obtained quite accurately, because, in contrast to the 
determination of the coupling factor, this does not 
depend upon the resolution of the fine structure. Further, 
a similar determination has been made from the 
Paschen-Back spectra for N4*N“O, for which Eq. (21) 
would also apply by preserving the contributions of 
only one nucleus. The results of such determinations 
for gmole in nuclear units are: 


N4N“O  gmote=0.087-+0.004 


(21) 





and 


N'UNMO = 0.085++0.004. 





IMPULSE BREAKDOWN 


Thus, the molecular g-factors for N'4N“O and for 
NN#4O are essentially equal within the limits of ex- 
perimental error. 
VIII. CONCLUSION 
The Paschen-Back effect for NH; and N2O molecules 
has been shown to exist in the microwave spectra with 
only moderately strong magnetic fields. For both one- 
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and two-nuclear couplings, the experimental results can 
be satisfactorily interpreted in terms of the quantum 
mechanical theory of perturbations. 

The Paschen-Back effect in the microwave molecular 
spectra should prove to be useful in interpreting the 
nature of the spin-rotation coupling and in the direct 
determination of molecular g-factors. 
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The formative lag of spark breakdown has been measured over 
the range from 0.5 to 50 10~° sec. using transmission line circuits 
in conjunction with the micro-oscillograph. It is found to be a 
function only of the applied field (independent of gap-width) for 
the shorter times (high fields), but to increase for decreasing gap- 
widths for the longer times (low fields). A calculation of the 
formative lag is presented which is based on the assumption that 
it consists mainly of the time for a single electron avalanche to 
build up a space-charge field comparable with the applied field. 
This predicts the observed formative lags within the experimental 
accuracy of the measurements over the entire range used. The 
increasing times for decreasing gap-widths for the longer times 


I. INTRODUCTION 


ANY experiments have been performed to 
measure the formative lag time of the atmos- 
pheric spark as a function of applied voltage.’ Unfor- 
tunately this time is so short for a slight overvoltage 
that oscillograph measurements have previously been 
impossible, and other indirect schemes have had to be 
used. These, although often ingenious, have still 
limited the measurement of the formative lag to a 
rather small region of applied voltage (ie., up to 
about 70 percent overvoltage), where the time varies 
extremely rapidly with the applied voltage. However, 
although individual measurements of the formative lag 
have differed from each other by as much as a factor of 
five, its order of magnitude and the general shape of its 
variation with overvoltage have been well established. 
In fact, the discovery that the order of magnitude of the 
formative lags was so short led to the suggestion that the 
Townsend theory had to be either modified or rejected 
in explaining the breakdown of atmospheric air.? 
* Sponsored by the ONR, the Army Signal Corps, and the Air 
Force under ONR Contract NSori-07801. : 
** From a doctorate thesis in physics, Massachusetts Institute 
of Technology. 
*** National Research Council Predoctoral Fellow. 
1A summary is given by R. Strigel, Elektrische Stossfestigheit 
(Verlag. Julius Springer, Berlin, 1939), p. 34. 
2 J. Slepian, Elec. World 91, 761 (1928); J. Franck and A. von 


Hippel, Zeits. f. Physik 57, 696 (1929); L. B. Loeb, Science 69, 509 
(1929). 


is interpreted as the transition from a single avalanche to a 
multiple avalanche mechanism of breakdown. The critical field 
where this transition takes place for a given gap-width is computed 
and found to predict the observed critical fields within the experi- 
mental accuracy. The good agreement between theory and experi- 
ment enables a more reliable prediction than has previously been 
possible of the critical gap-width above which the threshold field 
is determined by a single avalanche mechanism. 

A sharp drop in the rate of fall of the breakdown voltage is 
observed for the shorter times. It is suggested that this may be a 
change in the mechanism of electron release from the cathode. 


Proposed theories of the atmospheric spark have 
attempted to predict the observed threshold field and 
order of magnitude of the formative time.** Largely 
because accurate measurements of the formative time 
were not available, little attempt has been made to 
compare quantitatively the experimental and _ theo- 
retical variation of the formative time with applied 
voltage. Raether has made the suggestion‘ that most of 
the formative lag consists of the time a single electron 
avalanche takes to build up to the magnitude where its 
space-charge field is comparable with the applied field. 
This suggestion was based on the “streamer”? mecha- 
nism of breakdown, in which secondary avalanches, 
initiated before and behind the head of the initial 
avalanche by photon absorption, build up more rapidly 
in the enhanced field caused by the space charge. This 
creates two streamers of ionization which appear to 
move from the head of the initial avalanche towards 
the anode and the cathode at a much higher velocity 
than the velocity of the initial avalanche. Thus the 
complete spark channel should be established very soon 
after the space-charge field of the initial avalanche 
becomes of the order of the applied field. Raether 
showed that this suggestion explains the general shape 


3L. B. Loeb and J. M. Meek, The Mechanism of the Electric 
Spark (Stanford University Press, Stanford University, California, 
1941); H. Raether, Zeits. f. Physik 112, 464 (1939). 

4H. Raether, Elektrotech. Zeits. 63, 301 (1942). 
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Fic. 1. Schematic sketch of u.h.s. impulse generator capable of 
delivering 20-kv impulses with rise times of 4X10~ sec. The 
coaxial capacitor serves to sharpen the top of the impulse. 


of the formative lag vs. overvoltage curve and the correct 
order of magnitude, but more exact comparison was not 
possible because of the limited range and accuracy of 
the measurements of the formative lag. 

With the development of the micro-oscillograph® in 
the Laboratory for Insulation Research there arose the 
possibility of measuring the formative lag by oscillo- 
graphic means with greater accuracy and over a wider 
range of times than has been previously possible. Thus, 
if the associated circuitry could be developed, the 
micro-oscillograph would be capable of measuring 
transients which change in times considerably less than 
10-® sec. Direct oscillographic measurement has the 
advantage that it reveals the shape of the voltage 
impulse being used to measure the breakdown. There 
is good reason to believe that many of the previous 
attempts to measure the formative lag were limited by 
oscillations or spikes on the voltage impulse and also 
perhaps by rise times which were too long compared to 
the time lags being measured. 

The present investigation was conducted to measure 
the formative lag down to times of less than 10~° sec., 
and to compare this measured value with a value cal- 
culated according to the suggestion of Raether. It was 
also thought that the oscillographic recording of the 
breakdown at high current levels might be of some 


interest. 
II. EXPERIMENTAL ARRANGEMENT 


In order to measure time lags down to less than one 
musec. it is necessary to have circuits capable of han- 
dling transients with frequency components in the ultra- 
high frequency range. These transients might justifiably 
be called ultra-high speed (u.h.s.) transients, and the 
associated circuits, ultra-high speed (u.h.s.) circuits. A 
brief discussion of the particular u.h.s. circuitry used in 
the present investigation follows, leaving a more de- 
tailed description of the required special techniques for 
a separate report.®* 

_ Transmission lines are used as circuit connections 
throughout in order to eliminate the effects of stray 
inducatance and capacity. To generate the voltage 
impulse, a three-electrode trigger gap is arranged along 
the center conductor of a coaxial transmission line and 
kept under 600 p.s.i. of nitrogen (Fig. 1). The trans- 


"6G. M. Lee, Proc. Inst. Radio Eng. 34, 121W (1946). 
5a R. C. Fletcher, Rev. Sci. Inst. (to be published). 
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Fic. 2. Connections to u.h.s. voltage divider, consisting of two 
concentric coaxial transmission lines whose characteristic im- 
pedances produce a divider ratio of 100:1. 


mission line on one side of this gap is initially charged to 
a voltage + V (of the order of 20 kv), while the other 
side is grounded. When the center electrode is triggered 
with a negative pulse the trigger gap breaks down and a 
voltage impulse of V/2 is sent down the previously 
grounded transmission line. A coaxial capacitor in 
parallel with the pulse-forming line serves to sharpen 
the voltage impulse. This impulse generator produces 
voltage impulses across the spark gap to be measured 
which have rise times of the order of 0.4 musec. 

A voltage divider is required in order to view these 
kilovolt impulses with the micro-oscillograph. A suc- 
cessful design uses two concentric coaxial transmission 
lines, the characteristic impedances of which produce 
a divider ratio of 100 to 1 (Fig. 2). In order to do this the 
smaller impedance line is made of titanium dioxide 
ceramic (dielectric constant 85) while the larger im- 
pedance line is a standard 52-ohm polyethylene cable 
(RG17/U) (dielectric constant 2.25). Because the 
transition from the low to the high dielectric line excites 
the higher modes of the coaxial lines, the pick-off probe 
is placed far enough from the junction (} in.) for these 
higher modes to be attenuated to negligible amplitudes. 
The ceramic line could be made conveniently only in 
short lengths (26 cm) so that there are reflections from 
the end in 16 myusec. These reflections are confined to 
spikes by terminating the line with carbon resistors. 

The spark gap to be tested is arranged along the 
center conductor of an air-dielectric coaxial transmission 
line with an inner conductor of 0.920 in. and an outer 
conductor of 2.265 in. in diameter. This is tapered to 
connect with the polyethylene cable so as to approxi- 
mately preserve the 52-ohm characteristic impedance 
and still make a transition from a polyethylene to an 
air dielectric (Fig. 3). Circular holes are cut through the 
outer conductor in order to view the spark, allow for 
ultraviolet illumination, and permit free circulation of 
air. One electrode can be moved relative to the other 


‘SPRING LOADED MICROMETER 
\ THREAD 





WINDOW FOR U.V. ILLUMINATION 







Fic. 3. Spark gap under test arranged along the center con- 
ductor of a transmission line to eliminate distortions due to stray 
inductance and capacity. 
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—— QUARTZ LENS 


Fic. 4. Schematic sketch 
of ultraviolet illuminating 
system showing roughly the 
shape of illuminated area. 


(i CATHODE 


by means of a micrometer screw which enables the gap 
to be set to an accuracy of +0.0003 cm. The electrodes 
are made of brass and shaped to an approximately 
Rogowski profile. The faces of the electrodes are highly 
polished with alumina powder and then washed with 
acetone. 

Ultraviolet illumination is provided by concentrating 
the light from an illuminating spark gap with an f/2 
quartz lens on the cathode of the spark gap being 
tested. The illuminating gap is made the short leg of a 
three-electrode triggered spark gap, which is fired at 
least 60 musec. before the voltage impulse is applied 
across the test gap. The electrodes of the illuminating 
gap are pointed and the gap is made small (ca. 3 in.) 
to cause the spark to be roughly spherical in shape and 
always confined to the same point in space. Although 
this illumination has to come from the side, by tilting 
the optical axis of the illuminating system slightly with 
respect to the plane of the electrodes, one may obtain 
an illumination of the center of the cathode which is 
roughly elliptical in shape and covers about } the total 
area of the cathode, or about 1 cm’, as indicated in 
Fig. 4. The intensity may be varied by adjusting the 
diameter of the aperture placed directly in front of the 
lens. 

The spark gap is arranged in the testing circuit shown 
schematically in Fig. 5. Initially the two lines labeled 
“‘pulse-forming line” are charged to the voltages in- 
dicated. These serve to limit the pulses formed at the 
impulse generator and the illuminating gap to 75 and 
150 musec., respectively. 

The process is started by turning on the beam of the 
micro-oscillograph for about one millisecond by means 
of a mechanical switch which dips quickly in and out of 
a pool of mercury. A probe is inserted into the beam 
path, so that when the beam is first turned on, a voltage 
is induced on the probe, which, when amplified, fires a 
thyratron-ignition-coil trigger generator. The output 
of the ignition coil triggers the illuminating gap. This 
gap simultaneously begins building up a photon in- 
tensity in the spark gap, sets off a magnetron timing 
wave, and triggers the u.h.s. impulse generator. When 
the impulse generator fires, a portion of the impulse is 
fed into the sweep driver while the main part proceeds 
down a 40-ft. transmission line (RG17/U) through the 
voltage divider to the spark gap. Current through the 
spark gap is observed by feeding the other side of the 
gap into the oscillograph through another transmission 





line. The cables from the voltage divider and the spark 
gap are so arranged that their signals arrive at the 
micro-oscillograph simultaneously. Synchronization of 
these with the sweep was obtained by varying the 
length of line to the sweep driver. 

The sweep circuit is a vacuum tube pentode (3D21) 
discharging the capacity of the deflection plate leads. 
It is driven by a thyratron driver (2D21). It was found 
that the plate of the sweep pentode began to recharge 
during the millisecond the oscillograph beam is turned 
on. To prevent this a hydrogen thyratron (3C45) dis- 
charge circuit had to be built which turns off the power 
supply voltage leading to the sweep pentode after the 
sweep has passed. This discharge circuit is triggered 
from the illuminating gap. Sweep speeds are obtained 
by this method which give full scale deflection con- 
tinuously adjustable from 5 to 1000 musec., and which 
are synchronizable to +0.1 musec. 

The voltage of the impulse applied across the gap is 
assumed to be the voltage V to which the pulse-forming 
line is initially charged, less 5 percent for the small part 
of the voltage picked off for triggering the sweep 
circuit. The voltage V is measured by means of the 
current through a 100-megohm resistor to an accuracy 
of +1 percent. Small oscillations on the top of the pulse 
(Fig. 7) probably decrease this accuracy for the shorter 
times. 


Ill. EXPERIMENTAL RESULTS 


In order to check the conditions under which later 
experiments were conducted, an initial measurement 
was made of the d.c. breakdown of air (at 760+3 mm of 
Hg, 22+1°C, and 40+10 percent relative humidity), 
using the same voltmeter, spark gap, and general 
procedure as used in the later impulse measurements. 
The results of this d.c. measurement are plotted in 
Fig. 6, together with a weighted average for a number 
of measurements compiled by Schumann.*® 

Measurements of the impulse breakdown of air (the 
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Fic. 5. Schematic diagram of u.h.s. circuit for studying impulse 
breakdown of air. 


6W. O. Schumann, Elektrische Durchbruchfeldstirke von Gasen 
(Verlag. Julius Springer, Berlin, 1923), p. 26. 
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same conditions as for the initial measurement) were 
made on oscillograms obtained with the circuits de- 
scribed in Section II. Sketches of typical voltage traces 
for different conditions of applied field and gap-width 
are presented in Fig. 7. These sketches were prepared 
by tracing the image of the oscillograms formed by a 
micro-projector and correcting them for the effect of 
the known reflections in the transmission lines. It can 
be observed that the first evidence of breakdown after 
the applied voltage achieves its full size occurs at the 
time marked 7, which we shall define as the time lag 
of breakdown. The degree to which the breakdown 
proceeds during the rise time of the applied voltage is 
neglected in this definition of lag time. An estimation 
of the magnitude of this effect will be given later. 
Little additional information was obtained from the 
current oscillograms because of the high displacement 
current caused by the voltage impulse across the 
capacity of the spark gap. 

The effect on the time lag of varying the ultraviolet 
illumination intensity was tested for a fixed gap-width 
of 1.55 mm and applied field of 82 kv/cm. For the 
greatest intensity used there was no detectable random- 
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Fic. 6. D.c. threshold voltage measured under same conditions 
as the impulse breakdown measurements. Comparison is made 
with a weighted average for a number of measurements compiled 
by Schumann (see reference 6). 
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ness, but as the intensity decreased the randomness 
increased. In Fig. 8 is plotted the logarithm of the 
fraction of time lags larger than 7 as a function of r. 
For each intensity about 35 lags were measured. It can 
be seen that the distribution seems to be exponential 
for all intensities measured, as has been found pre- 
viously for longer times and lower ultraviolet inten- 
sities.”® Using the experimental conclusion found by 
Strigel,® that every electron released from the cathode 
is successful in initiating the breakdown at this high an 
overvoltage (95 percent), and assuming that all of the 
statistical fluctuations are due to the fluctuations in 
the supply of initiating electrons from the cathode, we 
can use the observed distributions to calibrate our 
ultraviolet source in terms of the photoelectric current. 
Thus, if the distribution is e~*/", 1/¢ should be the rate 
at which electrons are released from the cathode. o can 
be measured from the distribution curves to give a 
value of 0.0037/A? musec., where A is the aperture diam- 
eter in inches of the ultraviolet illuminating system. 
This corresponds to a photoelectric current of 4.3A? 
X 10-8 amp./cm*. 

The non-statistical lag obtained for the higher inten- 
sities of ultraviolet illumination is considered the 
formative lag. This formative lag was measured for a 
variety of voltages and gap-widths for times between 
0.5 and 50 musec. It was convenient to make runs at 
constant voltage rather than constant gap-width 
because both the adjustment of the impulse generator 
and the synchronization of the sweep circuit are a 
function of the impulse voltage. The results are plotted 
in Fig. 9 as a function of the applied field. For fields 
above 50 kv/cm the formative lag is a function of field 
alone independent of gap-width, while below 50 kv/cm 
the formative lag depends on the gap-width. Thus for 
fields less than the critical field (49 kv/cm), the constant 
voltage plot for V=7.5 kv begins to have longer forma- 
tive lags than the other two voltages measured; for 
E=42 kv/cm the plot for V=12.7 kv begins to have 
longer formative lags. 


IV. CALCULATION OF THE FORMATIVE LAG 


In accordance with the suggestion of Raether* we 
shall attempt to compute the critical avalanche size as 
a means of calculating the formative lag. We shall 
consider the critical magnitude of the avalanche as the 
size which just reduces the field inside the avalanche to 
zero. This is the condition for plasma formation which 
must eventually be true for the whole discharge 
channel. Secondary avalanches may be initiated in 
front of and behind the initial avalanche before this 
space-charge field is achieved, but these secondary 
avalanches, building up at the same rate as the primary 
one, will have little effect until their rate of build-up 
is increased by the external space-charge fields of the 

7K. Zuber, Ann. d. Physik 76, 231 (1925); A. Tilles, Phys. Rev. 


46, 1015 (1934). 
8 R. Strigel, Wiss. Veroff. Siemens-Konzern 11(2), 52 (1932). 
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initial avalanche and until the exponential build-up of 
the initial avalanche is arrested by its internal field. 

In order to compute the critical avalanche size let 
us consider the electron avalanche in more detail. In 
the short times with which we are here concerned the 
positive ions, being so much less mobile than the elec- 
trons, will remain practically where they are created. 
Thus the motion of the electrons entirely determines the 
distribution of both ions and electrons. When the 
avalanche first begins, the distributions are dominated 
mainly by the diffusion of electrons, since the densities 
of electrons and positive ions are small enough that the 
influence of the space-charge field is negligible. For this 
case the rate of build-up of electron and positive ion 
densities, m_ and n,, are given by the following differ- 
ential equations: 


On_/dt= avn_— DV*n_+-v(dn_/ 22), 


dn,/dt=avn_, (4.1) 


where a is the first Townsend coefficient for ionization 
by electron impact, » is the drift velocity in the applied 
field E taken in the z direction, and D is the diffusion 
coefficient. These equations have the following exact 
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solutions: 





x?-+y?-+ (2—vt)? 
+ cat 


n_=(4xDi)-3 exp _ 
4Dt 


(4.2) 


x?-+y?+ (2—vt')? 
-: + cai. 
i’ 





t 
N= av f (4xDt’)-! exp| — 
0 


It can be seen that the distribution of electrons is a 
normal Gaussian distribution, viewed in a coordinate 
system moving in the z direction with the velocity ». 
For this distribution the average distance of an electron 
from the center is well known to be (6D?)!, which can 
be considered the breadth of the avalanche. 

The integral determining the positive ion distribution 
cannot be evaluated in terms of well-known functions. 
Its general behavior can be obtained by noting that the 
integrand is the electron distribution at the time ?’. If 
the breadth of the avalanche at /’=2/v is small com- 
pared to 1/a, the Gaussian part of the integrand will 
vary much more rapidly than the e*””. At the maximum 
of the Gaussian part of the integrand, ¢’=2/», the slowly 
varying part can be taken in front of the integral sign, 
and the remaining integral can be expressed in terms 
of the error function 


2 z 
re J exp(—x?)dx. 
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It is convenient to introduce the characteristic length applied field EZ, since D~(U.)! (where U, is the average 
a=4D/» and the distance zo=0t. The length a=4D/v, electron energy), »~(Z)#, and U.~E for the high 
to a first approximation, should be independent of the fields considered here.® zo is the distance the center of 
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Fic. 9. Measurements of the formative lag plotted as function of applied field for different gap-widths (or applied voltages), and 
compared with a calculated formative lag and with the measurements of Newman (see reference 12). On the same graph are plotted 
the calculated critical fields, below which, for a given applied voltage, multiple avalanches (and thus longer formative lags) should 
be required for breakdown. The measurements are corrected for the finite rise time of applied voltage as discussed in Section V. 


9L. B. Loeb, Fundamental Processes of Electrical Discharge (John Wiley and Sons, Inc., New York, 1939); A. von Engel and 
M. Steenbeck, Elektrische Gasentladungen (Verlag. Julius Springer, Berlin, 1932), Vol. I. 
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the electron cloud has moved. Then 
x y?-+ (s— =) 
e*70, 


aZo 





n_= (mrazo)~! exp ~ 
(4.3) 


([ a x?-+-y? Zoy2 
exp — | ( ) fe <2 
2raz az (az)! 


a x?-+-y? Z—2 
exp - [: —I ( ke > 20, 
(2 maZ aZo (azo)? 


where the expression for n, is good only when the 
avalanche breadth (3az9/2)! is small compared to 1/a. 

In order to compare the two expressions for m_ and 
nm ,, the densities can be plotted along the axis of the 
avalanche (x=y=0). It is convenient to do this in 
dimensionless coordinates, by plotting the densities in 
terms of the maximum electron density m= (mazo)~4e*, 
and the distances in terms of (az)?, which is approxi- 
mately the avalanche breadth. Thus, if w= (z—2z)/(az0)# 
and b=a(azo)!, in the vicinity of the avalanche head 
(s~z0), Eqs. (4.3) become 











6s. 4 

















n_=nye~”’, 
at ieaph a w) je", w<0 (4.3a) 
tbno[1—I(w)], w>0. 


These equations are plotted in Fig. 10 for different 
values of the parameter b= a(azo), which is approxi- 
mately the ratio of the avalanche breadth to the ionizing 
distance 1/a. At the highest values of a(az)! the ap- 
proximation made in evaluating the integral of Eq. 
(4.2) is no longer good, but the general features of the 
curves should be correct. As (azo)! increases, the cloud 
of electrons tends to overlap more and more the cloud 
of positive ions. Thus the center of mass of the electron 
cloud is at z=2o, and its spread ((x?+ y?+-(z—20)?)w)? is 
(3a29/2)!. The center of mass of the positive ions is 
approximately at z=1/a, while its spread is (3az9/2)? 
for a(azo)*>1 and ~1/a for a(azo)*<1. 

As the densities of electrons and positive ions increase 
due to ionization, the space charge develops a field E,, 
which changes the distribution calculated above. The 
rate-of-build-up equation then becomes too complicated 
to solve exactly, and an approximation method has to 
be used. The simplest approximation would be to 
assume that the distribution is unaffected by the 
space-charge field. The critical avalanche size NV. 
could then be obtained by calculating the internal 
space-charge field from this distribution, and setting 
it equal to the applied field. 

A somewhat better approximation can be obtained by 
the following scheme: Assume the distribution is unaf- 
fected by the space-charge field up to the time ¢; at 
which the space charge first becomes important. At 
this time the space-charge field E; can be computed 
from the diffusion-dominated distribution found above. 
For times larger than /, assume the field is proportional 
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Fic. 10. Distribution of electron and positive ion densities along 
the axis of the electron avalanche for different values of the ratio 
of avalanche radius (3az9/2)! to ionization distance 1/a. Densities 
are plotted in terms of the maximum electron density mo, and 
distance from the center of electron cloud is plotted in terms of 
(azo)4, approximately the avalanche radius. 


to the number of electrons NV and inversely proportional 
to the square of the avalanche radius r,, as would be 
true for a spherical distribution of charge; i.e., if r,=rz, 
E,=£E,, and N=N; at t=t,, then 


N rr? 
E=E——. (4.4) 


N, r.? 


The radius r, to be used in this equation can be obtained 
by integrating the drift velocity due to the space-charge 
field E,. The calculations which follow are made ac- 
cording to this scheme. 

The quantities r,, Z,, and V; can be computed from 
the condition that, at ‘=¢,, the drift velocity », due to 
the space-charge field becomes equal to the diffusion 
velocity = —(D/n_)V’n_ (where the prime refers to the 
moving coordinate system). The diffusion velocity can 
be evaluated from Eq. (4.2) to give 


v= r,/ 2t:, 5 (4.5) 


where r; can be taken as (3avt,/2)*. If we put ¢,=InV;/av 
and assume v~ (E)!,® Eq. (4.5) yields a relation for E; 
in terms of V;: 


3 aa 
E,=-——E. (4.6) 
8 InN; 


A second relation between £; and NV; can be obtained 
by calculating the space-charge field from the distribu- 
tion given by Eq. (4.2). To do this it will be convenient 











Fic. 11. Idealized shape 
of applied impulse. 
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to make several simplifying assumptions.** We will 
assume that all the electrons are in a sphere of radius 
(3az0/2)*. This predicts fields due to the electrons which 
depart by a maximum of 60 percent from the fields of 
the actual distribution. We will further assume that the 
positive ions are contained in a sphere whose center is 
1/a distant from the center of the electron sphere and 
whose radius is (3az0/2)! for a(3az0/2)*>1 and 1/a for 
a(3az0/2)*<1 (following the analysis of Eq. (4.2) 
presented above). The assumption of a sphere for the 
distribution of positive ions for a(3az9/2)#<1 is a 
poor one, but under this condition the maximum field 
is mainly determined by the denser electron cloud, so 
that a more exact knowledge of the ion distribution is 
not necessary. With these assumptions the equation for 
the space-charge field (taken at the point of maximum 
retarding field z=zo— (3az0/2)') is 


e 1 
dine ‘(3a/2a) InN; 
1+ (3/2)aa InN;—[(3/2)aa InN; }}, 
x (3/2)aa InN;<1 


(4.7) 
1/[(3/2)aa InN; }#, (3/2)aaInN,>1 


where ¢ is the electronic charge and € is the dielectric 
constant of free space (rationalized m.k.s. units). 
Using Eqs. (4.6) and (4.7) to eliminate E,, we can then 
obtain an implicit equation to determine N;: 


[1+ (3/2)aa InN .—[(3/2)aa InN; }*}-, 
(3/2)aa InN ;<1 
[(3/2)aa InN; ]*, (3/2)aa InN ;>1. 


For N>WN; the avalanche radius r, will be deter- 
mined mainly by the drift velocity v, due to the space- 
charge field. If we assume this velocity to be propor- 
tional to (Z,)?,° 7, is given by the equation 


TE 


Ni=——Ea’ 


re=T7et+ f v(E,/E) ‘dt. (4.9) 


Substituting E, from Eq. (4.4) and differentiating, we 
obtain 


E; 3 ehavt 
r,dr,= (—) ;——dt. 
E/ (N,)* 


% Calculations using this same type of analysis were first made 
by Slepian, reference 2. 
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This can be integrated to give 


E: tr, N 4 
ono) )-4 
E Qa N: \ 


For all of the values in the region where we will use 
this equation, V>N; and r,>r;, so that 


E; ty, N 4 
(520) 
E Qa N t 
The final expression for the space-charge field in terms 


of the avalanche size NV can be obtained by the use of 
Eqs. (4.4), (4.6), and (4.10) to give 


E.= (3/16)aaE(N/N;)}, 


where NV; can be computed from Eq. (4.8). 

The critical avalanche size N., which drops the 
internal field of the avalanche to zero, will be attained 
when E,=£. From Eq. (4.11) this can be seen to be 


N= (256/9)N /(aa)?. (4.12) 
The formative lag is calculated from this by the equation 
Tr= (1/av)InN¢. (4.13) 


In order to obtain numerical answers from these 
equations we will use Sanders’s values!® for a (extra- 
polated from lower pressures), take the value a=3X 10 
cm calculated from Raether’s observation" of the 
avalanche breadth, and assume v=0.224X107(E)! 
cm/sec., which is adjusted to the avalanche velocity 
observed by Raether! at fields near the threshold and 
extrapolated to the higher fields by the expected de- 
pendence on the square root of the applied field.® This 
predicts the values rr plotted in Fig. 9 to compare with 
the experimentally observed values. 


(4.10) 


(4.11) 


V. DISCUSSION OF THE FORMATIVE LAG 


Before considering how much significance should be 
placed on the comparison of the computed formative 
lag with the experimental values, let us examine the 
effect on the observed formative lag, as defined above, 
of a finite rise time of applied voltage. For simplicity 
let us consider a linearly rising applied field of rise 
time vz and designate the measured formative lag by 
trm as Shown in Fig. 11. Further, we shall assume that 
the ultraviolet illumination is intense enough so that 
the entire time lag is formative, which was the actual 
condition under which the experiment was conducted. 
With the same type of analysis used in the previous 
section the total time to bring about breakdown is 
given by the equation 


R t t 
InV.=a(E)0(E) rout f a( 2—)o( — at. (5.1) 
0 TR TR 


10 F, H. Sanders, Phys. Rev. 44, 1020 (1933). 
1H. Raether, Zeits. f. Physik 107, 91 (1937). 
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Since the calculated formative lag is rp= InNV./a(E)(E), 
it can be expressed in terms of the measured value by 


the equation 
1 TR t t 
—— f a( 2—)o( 2—)at (5.2) 
a(E)v(a) 0 TR TR 


The integral can be evaluated with the use of the em- 
pirical relations, a~(E—B)* and »~(£)},° where B is 
a constant of the order of 24 kv. With these 


2 E*—(14/5)BE+(7/3)B? 
to veut a : ( : ) 


(E—B)? 


Tr=TrMt+ 





This expression was used to correct the measured 
points, and the corrected points are the ones plotted in 
Fig. 9. The correction amounted to an addition to the 
measured value of a practically constant value of 0.1 
musec., which even for the smallest times amounted to 
only 20 percent. 

The calculation of the formative lag reveals that the 
formative lag should be a function of field alone, inde- 
pendent of gap-width (or applied voltage). This is found 
to be true for the high fields, but not for the lower 
fields. For a given gap-width (or applied voltage) 
below a certain critical field the time lags become 
larger than for a larger gap-width (or smaller voltage). 
This critical field is believed to be the field for which 
the initial avalanche takes the entire gap-width to 
achieve the critical avalanche size. For a smaller field 
than this critical field a single avalanche is unable to 
create a high enough space-charge field to cause break- 
down. More than one avalanche is required to bring 
about this condition. This requires the longer formative 
time which is observed. 

To check this idea the critical field (EZ.) can be 
computed according to the analysis of the previous 
section. Thus E, should be given by the implicit equa- 
tion 


5=InNV,/a(E.) or V=E.6=E,InN./a(E.). (5.4) 


A plot of this calculated critical field vs. applied voltage 
is given in Fig. 9. The arrows indicate the expected 
critical fields for the three applied voltages used in the 
measurements of the longer times. The agreement with 
observation is well within the experimental and theo- 
retical accuracy, confirming the validity of the inter- 
pretation of the behavior of the formative lag for the 
lower fields. 

For the longest gap-widths used (or largest applied 
voltages) the observed formative lags should check the 
calculated values down to 39 kv/cm. It can be seen 
from Fig. 9 that the calculated values follow the ob- 
served values very closely, being if anything, a few 
percent too low. This small discrepancy is in the right 
direction to be explained by the neglect in the calcula- 
tion of the time after the critical avalanche size has 
been reached until visible current is produced. However, 
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not too much significance should be placed on the dis- 
crepancy since the velocity used in the calculation was 
extrapolated from a value observed by Raether to 
which he ascribed an accuracy of only +15 percent." 
This would introduce the same percent accuracy into 
the calculation of the formative lag. The agreement 
with experiment is well within this expected accuracy. 

It should be pointed out, though, that the observed 
agreement does not serve to distinguish between the 
radial space-charge field emphasized by Loeb and Meek? 
and the axial field used here. The InJ, is insensitive to 
the details of the particular assumptions made in com- 
puting it. Thus a change in the value of NV, by a factor 
of 10 changes the calculated time lag by only 12 percent. 
This insensitivity was what permitted such rough 
assumptions made in the calculation to give good agree- 
ment with experiment. A constant value of V.=108 
would serve to predict the observed formative lag and 
critical field about as well as the computed variation 
in NV, due to the space-charge field. The main value of 
the computation is to establish that the correct order 
of magnitude for the N, is given by considering the 
space-charge field of a single avalanche to be the 
dominating factor governing the breakdown. 

In Fig. 9 comparison of the observed time lag is 
made with the measurements of Newman,” who seems 
to have taken the most precautions among previous 
workers against parasitic oscillations in his applied 
impulse voltage. Newman’s data were taken for a 
gap-width the breakdown voltage of which was 10 kv, 
or 6=2.57 mm. The broken line in Fig. 9 is interpolated 
from the present measurements for a constant gap- 
width of 6=2.57 mm. Newman’s measurements are 
about 10-® sec. longer than the micro-oscillograph 
measurements at the same field. This could be explained 
by assuming that Newman defined his lag time from the 
bottom of his rising impulse (as seems probable from 
his experimental arrangement) instead of from the top 
as defined here, and by further assuming the rise time 
of his applied impulse to be of the order of 10-® sec. 

It is conceivable that, if the photoelectric current 
released by the ultraviolet illumination were too large, 
the experimentally determined formative lag would be 
decreased, making the observed agreement between 
computed and observed formative time lag appear as 
merely fortuitous. This might occur if there were a high 
probability of a second electron being released close 
to a point where the initiating electron was released, 
in a time small enough to influence the initial avalanche. 
If we assume that interaction is possible if the second 
electron is released a distance away from the point of 
release of the initial electron equal to the avalanche 
radius r,, and if we further assume that interaction can 
occur if the second electron is released in a time 1/av 
after the first electron, the condition imposed on the 


2M. Newman, Phys. Rev. 52, 652 (1937). 
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photoelectric current is 
(S/xr2)o0>1/av, (5.5) 


where S is the total illuminated area of the cathode. 
With the use of Eqs. (4.10), (4.6), and (4.12), the 
avalanche radius r, where V=JN, can be shown to be 
equal to 4/a, whence the condition on « becomes 


o>162/Soéd. (5.6) 


The computed value of 167/Sa*v varies from 5X 10~? 
muysec. at E=38 kv/cm, to 6.3X10~ musec.at E=53 
kv/cm, down to 8.5 10-7 musec. at E=122 kv/cm. The 
measurements were carried out with e=0.26 musec. for 
E<50 kv/cm and o=0.01 musec. for E>50 kv/cm. 
Thus the photoelectric current was on the average a 
factor of one hundred lower than that which would be 
expected to affect the formative time lag. 


VI. DETERMINATION OF THE CRITICAL 
GAP-WIDTH 


If the interpretation of the formative lag for lower 
fields is correct, it should be possible to predict the 
critical gap-width (6.) for which a single avalanche 
determines the threshold. This has been attempted 
previously by a number of writers,*” but until recently“ 
all have had to rely on a comparison of an approximate 
calculation of the critical field with the observed 
threshold field. Because of the approximate nature of 
the calculations, the critical gap-width has been pre- 
dicted to be anywhere from 0.013 cm to 1.3 cm. With 
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Fic. 12. Determination of the critical gap-width above which the 
threshold should be determined by a single avalanche. 


1% L. B. Loeb and J. M. Meek, reference 3, p. 48; L. H. Fisher, 
Phys. Rev. 69, 530 (1946). 

14 The recent measurements by L. H. Fisher and B. Bederson 
(Phys. Rev. 75, 1615 (1949)) of the formative lag near the thresh- 
old offers a new method of determining 4. Their published data 
are not inconsistent with the views herein expressed if the re- 
generative mechanism of the modified Townsend discharge is 
considered to be photo-emission from the cathode and/or photo- 
ionization of the gas. 
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the present data it is possible to check an approximate 
calculation, in which, by itself, one would not have too 
much confidence, with two kinds of experimental ob- 
servations, in which one would have considerably more 
confidence, to obtain a more reliable value of the critical 
gap-width. 

The critical gap-width will occur when the critical 
field is equal to the threshold field. In Fig. 12 the cal- 
culated critical field and the observed threshold field 
(Schumann®) are plotted as a function of gap-width. 
The two curves are seen to cross at 6,=2.3 cm, which 
should be the critical gap-width. 

The fact that E, drops below Er for 6>6, indicates 
that it is not sufficient to drop the internal field to zero 
to bring about breakdown for 5>6o. The additional 
condition is that electrons must be regenerated behind 
the head of the avalanche. Apparently this condition 
requires a relatively higher field for 6>6, than is 
required for the smaller gap-widths. This may be in 
part caused by the additional supply of electrons 
available at low gap-widths from photo-emission from 
the cathode which are not available at the lower gaps 
because of absorption in the gas. These considerations 
indicate that the actual 6, may be higher than that 
determined from Fig. 12, and not lower as suggested by 
previous writers. 


VII. DISCUSSION OF HIGH CURRENT 
DISCONTINUITY 


Examination of the voltage traces of Fig. 7 reveals 
that for the three highest fields shown the breakdown 
current has a discontinuity in its rate of increase. Thus 
it starts out with a very rapid rate of rise and then 
rather suddenly changes to a slower rate of rise at a 
current which is of the order of magnitude of 75 amp. 
It is of interest to discover the cause of this discon- 
tinuity. 

The first expected discontinuity in the initial electron 
avalanche occurs when the avalanche achieves its 
critical size, and the anode and cathode streamers begin. 
The current which is observed in the external circuit at 
this discontinuity should be eV 0/6. With the use of 
the calculated value of V, the current computed from 
this relation is found not to exceed 10 ma over the 
entire range of measurements. This is much too low to 
account for a discontinuity of the order of 75 amp. In 
addition, one would expect the onset of the streamers 
to cause an increase in the rate of rise of current rather 
than a decrease. 

The next discontinuities to be expected would be the 
arrival of either the cathode-directed or anode-directed 
streamers at one of the electrodes. It is difficult to 
estimate the current to be expected from these streamers. 
However, since the electrons which cause the current 
from the streamers have not yet reached the electrodes, 
the observed current should be all displacement current 
which should be unaffected by an insulator on either of 
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the electrodes. In order to test this possibility some 
oscillograms were taken with a disk of polystyrene first 
on the cathode and then on the anode. Three voltage 
traces, all for the same applied field, are shown in Fig. 
13 to indicate the effect of an insulated electrode. It is 
observed that the current at the discontinuity is the 
same whether the insulator is on the cathode or the 
anode and that this current is about } that observed 
without the insulator. This indicates that the current 
at the discontinuity must be at least partly conduction 
current. Therefore the discontinuity cannot be due to 
the arrival of either of the streamers at the electrodes. 

A possible explanation of the discontinuity may be 
that a change occurs in the mode of release of electrons 
from the cathode. This might conceivably take place 
in the following way: If electron regeneration from the 
cathode is initially by an intense photon bombardment 
of the cathode with photons released by the ionization 
processes in the streamer, when the current builds up 
high enough to drop the applied field due to the 
generator impedance, the number of bombarding 
photons will drop accordingly. The field will therefore 
drop only to an equilibrium value for which the photo- 
electric current is just able to hold the field at this 
value. To decrease the field further another mechanism 
for electron release must enter. This might be by posi- 
tive ion bombardment, a much slower mechanism. 
This would qualitatively explain the observed discon- 
tinuity. However, verification requires further experi- 
mental work. 
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Fic. 13. Voltage traces for a spark gap with and without a 


0.40-mm thick polystyrene disk, all for the same applied field 
(83 kv/cm). 
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Besides the known tensors of integral and half-odd-integral rank (spinors) there exists a new form of 
relativistic covariant entities with an infinite number of components, discovered in 1944 by Dirac. An 
especially simple type of them is generated by operations underlying a theory of the electron recently pro- 
posed by the present author. This way the representations are obtained immediately in matrix form, the 
matrices being of an unexpectedly simple type. Half of them have continuous spectra. They permit the setting 


up of wave equations having always positive energy. 





* The present paper was completed at the end of 1947, but 
could not immediately be published. As far as it is concerned with 
the representations of the Lorentz-group, the matter has already 
been settled by V. Bargmann, Ann. of Math. 48, 568 (1947) and 
Harish-Chandra, Proc. Roy. Soc. A189, 372 (1947), whose papers 
in the meantime came to the — of the author. With 
regard to this work it should be pointed out more clearly, that 
these Lorentz-representations, i.e., the matrices Mz, I, in our 
terms, although mathematically the most interesting part, are 
only six of the sixteen elements of our theory. Our primary aims 
are not to construct these representations but (a) to translate 
the Poisson-brackets given in an earlier paper into commutation 
relations and (b) to find matrix representations for the x, and 
especially for the «,-matrices, that serve to set up the wave equa- 
tion «.p*=—m(I, K)c. The connection of our starting point (a) 
with Harish-Chandra’s representation would be achieved, as far 
as the Mi, Il,-matrices are concerned, by the unitary transforma- 
tion that is indicated in its first steps by formula (37). This 
“normal representation” has been fully developed in the meantime 
and appears simultaneously in Zeits. f. Naturforschung 4a (1949). 
The construction of the matrices mentioned under (6) needs a 


slight generalization of Harish-Chandra’s method, because the six 
Mg, I; matrices behave like a subgroup in the 16-element-scheme. 
The connection between the invariants of the Lorentz-group, 
viz., J?, I (Harish-Chandra) resp. —Q, R (Bargmann) with our 
I, K is given by 


—Q=/?=2P—K?—], R=I=IK. 


The factorization of R resp. J is essential for the construction of 
irreducible representations of the whole 16 elements, because only 
I, not K commutes with all of them. 

A short report of the present paper together with a first attack 
upon the mass problem appeared recently (Sommerfeld-Festheft). 
Zeits. f. Naturforschung de 559 (1948). In a simultaneous paper 
of Bopp (Zeits. f. Naturforschung 3a, 564 (1948)) the underlying 
physical ideas have much been improved. The continuous spec- 
trum of the :-components has already been noticed by E. L. Hill, 
Phys. Rev. (2) 73, 910 (1948), but it is a main result of our paper 
(see formula (23)) that «* can be used in a discontinuous and even 
one side bounded form. Next to I it is just the key for the classi- 
fication (see our Table III). 





OME years ago Dirac! discovered a new type of 

vector called “expansor’” by him with an infinite 
number of components, which by a Lorentz-trans- 
formation undergo a unitary substitution. It is ex- 
pected that expansors will be of great importance in 
particle-theory, as they provide a method of dealing 
with continuous entities more amenable to quantum 
theory than the usual methods of field theory, “quan- 
tization” not merely considered as an introduction of 
Planck’s constant but essentially as the selection of an 
enumerable manifold from a continuous one. In its 
general form Dirac’s theory looks rather complicated 
mainly by the particular behavior of the fourth world- 
coordinate. Meanwhile the author met with the same 
thing from another point of view, considering just radia- 
tion-reaction-forces. The method arrived at furnishes 
immediately the matrices of the representations and 
subsequently of the transformations from both a re- 
stricted and enlarged type of Dirac’s. Starting with 
spinors rather than vectors of integral rank, we include 
integral as well as half-odd-integral representations. At 
the same time there is a wide restriction or ordering of 
the immense manifold of components by the existence 
of an invariant, which makes the representation split 
up into a number of non-combining ones, whose matrices 
can be written down in an unexpectedly simple way. 


1P. A. M. Dirac, Proc. Roy. Soc. London A183, 284 (1944). 
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Besides being Hermitian, as Dirac’s theory implies, 
they have eigenvalues of a noteworthy type. 

Representations of the Lorentz-transformation are 
induced? by a scheme of commutation-relations between 
six quantities, which by a suitable transformation may 
be combined into the components of a six-vector. In 
this form their commutation-rules generalize those of 
a moment of momentum and may be considered as the 
respective ones of the magnetic and relativistic electric 
momentum of a moving particle. For convenience we 
shall speak of the momentum components instead of the 
mathematical quantities. Denoting them by Mu, .M2, 
M3, Tl,, Ip, II;, we have’ 


MiM2— M2M,=1Ms3, II, T.— II,IT,;= —iM3, 
M,ll2— 12M, = 113, (1) 


together with the relations obtained from these by 
cyclic permutation of 123 and with 


Myill;— 11;Mi= MoI I.— IlzM2= M3II3— II3;M3;=0. (2) 


There is a very singular consequence of these equations, 
which looks almost like a contradiction between 
quantum-mechanics and relativity-theory. Of course, 


2B. L. van der Waerden, Die gruppentheoretische Methode in der 
Quantenmechanik (Verlag. Julius Springer, Berlin, 1932). 

8See also P. A. M. Dirac, Proc. Roy. Soc. London A155, 447 
(1936). 
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the relations are invariant under a Lorentz-transforma- 
tion, i.e., they reproduce themselves, if one substitutes 
for the components their combinations relative to 
another system of reference. Now by the rules of 
quantum-mechanics the measurable values of any 
physical quantity are given by the eigenvalues of its 
representing matrix. However, because of the minus- 
sign on the second triplet of equations required by the 
relativistic invariance, the eigenvalues of the Ik, 
k=1, 2, 3 are purely imaginary. 

For proof introduce the quantities I= 11i+7II, and 
M=M;+iMe, whose commutation with II; gives 


Bringing II; into diagonal form and labelling the II, M 
with its eigenvalues 7’, 7’, ---, say, one has 


(9? — rae) | eer = Ma's’, (9 — mw Mate = oo |) ee (4) 


There may be more indices of the II, M, say J, J, ---, 
a certain manifold of x’s belonging to each of them. 
This does not prevent the conclusion, that for non- 
vanishing 2’ — 2” 


Oy (5) 


for every I, J, ---, and in consequence, by the second 
Eq. (4), Mae =0 or 


(9”— 2’? =—1. (6) 


Thus the mw are purely imaginary (save perhaps for a 
common additive constant, which may be shown 
actually to disappear). 

In Dirac’s theory of the electron this difficulty does 
not interfere, because his commutation-rules are of an 
entirely different (‘‘anti-commutative”) character. 
Moreover, there is no intrinsic magnetic and electric 
momentum at all. Different authors already have 
attempted to introduce one, as has Breit,‘ on the basis 
of experimental evidence. If one does not insist on the 
scheme (1), this may be realized without difficulty, 
since the Dirac-current can be decomposed in a well- 
known manner into a convective and a polarization 
parts. But now the author met with the same necessity 
from classical considerations® culmineting in a system 
of Poisson-brackets for the momentum-components to 
be converted into commutation-rules. These Poisson- 
brackets are of the form (1) and by no means of an 
“anti-commutative” character, and so the question 
arose: Are there hermitian matrices, which fulfill the 
relations (1) or, in mathematical terms, are there 
unitary representations of the Lorentz-group? 

At first sight the conclusion (4)-(5), which forbids 


4G. Breit, Phys. Rev. 72, 984 (1947). 

5 W. Wessel, FIAT Report No. 1131, henceforth referred to as 
l.c. Appeared also Zeits. f. Naturforschung 1, 622 (1946), with 
different numeration of formulas. 
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them, looks quite stringent. There is only one way to 
escape it: The division by the factor r”’—-’ is impos- 
sible, if the x-values are continuous (because then the 
left-hand sides of (4) become integrals with 6-functions) 
and this seems almost absurd. One might not expect, 
by “reasons of four-dimensional symmetry,” the eigen- 
values of the II to be different from those of the M (we 
shall so term henceforth the II;, Mz, R=1, 2, 3, for 
brevity), which according to the first triple-set of Eqs. 
(1) are always discontinuous. But really one can only 
conclude that the II-components among themselves 
and the M-components among themselves must have 
equal eigenvalues, because they can be completely 
exchanged by a rotation of the coordinate-system. A 
Lorentz-transformation never completely exchanges an 
M and a II; either the transformation reproduces them 
or it yields a linear combination of two non-commuting 
ones. Now the eigenvalues of non-commuting matrices 
are not additive, and so the eigenvalues of these linear 
combinations need not be of a mixed character. The 
same thing comes in play at rotations, where it prevents 
the continuous alteration of quantized observables. 
There is another question, whether the sum of a matrix 
with a discontinuous spectrum and a second matrix 
with a continuous one may have discontinuous eigen- 
values. A similar question arises in connection with the 
second triple-set of Eqs. (1), where two continuous- 
valued II-components by mere multiplication and sub- 
traction have to yield the discrete-valued M-compon- 
ents. But there is an elementary example of a matrix 
with a continuous spectrum, which even by simple 
multiplication with itself gets a discontinuous one. 
Imagine a particle reflected along a straight line between 
two rigid walls, represented by a potential-hole of 
suitable steepness, a “‘reflection-oscillator,” so to say. 
It is just the case assumed to be realized, in first 
approximation, by the electrons inside a metallic con- 
ductor. The momentum () of such an oscillator, due 
to Heisenberg’s uncertainty principle, must have a 
continuity of measurable values, its coordinate-values 
being bounded. Indeed the correspondence-principle 
shows that the “reflection-oscillator” will have a fully 
developed series-spectrum, in spite of its seemingly 
uniform motion. At the same time, evidently, its 
energy-spectrum is quantized, and so /* will have a 
discrete spectrum, whereas p has a continuous one. 
After all, there is even a strong reason to guess that 
the eigenvalues of the II may not be exhausted by their 
known finite representations. Confining oneself to the 
M one has M*=M;?+M,.?+M,;° as a quantity which 
commutes with all the M;, k=1, 2, 3. Therefore every 
value of M® yields an independent representation of 
the M,, which is necessarily finite, as M? is definite. But 
M? is no longer commutable with the II,-components, 
and so it may not serve to reduce the M, II-system as a 
whole. However, there are now two invariants, viz. 
M?— IP and the scalar product MII, which commute 
with all M; and I];, and these now are indefinite. So 
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TABLE I. Commutation table. 











.. x t1 t2 t3 “ Kl K2 K3 K4 Mi M2 Ms Th Iz II; 
I a. . 1 @ he .* ss -\6 2 6 @rsi@i: era 
K 0 0 Ki K2 Ks KE 1 te t3 % 0 0 0 0 0 0 
1 0 ~— iy 0 —Ms3 M2 —Tl; -—K 0 0 0 0 tg = ees 0 0 
le 0 -—- Ms 0 —M; —TIle 0 -—K 0 0 = 0 1 0 —)4 0 
ts 0 —ks —Me Mi 0 -—TiI; 0 0 -K O te —u 0 0 O -—“% 
4 QO —K, TI; Tle IIs 0 0 0 0 K 0 0 O -uy ~—te —¢ey 
Ki 0 reg. K 0 0 0 0 M3 —Me Tl, 0 K3 —K2 “rm 0 0 
K2 0 —t?2 0 K 0 0 —M3 0 Mi Tle Lead? | 0 Ki 7s 0 
K3 0 —ts3 0 0 K 0 Me —M; 0 II; K2 —" £4 0 0 0 es 
Ka 0 —4u 0 0 0 —K —-T, -—IIlz —TIl3 0 0 0 O -—Ki —Kke —k3 
Mi 0 0 0 t3 —te 0 0 K3 —K2 0 0 M3 —Me2 0 IIs hac II, 
M2 0 0 ee | | 0 “1 0 “5 0 Ki 0 —M3 0 M; —TII3 0 Tl; 
M3 0 0 le oe 5 | 0 0 Ke “=, 0 0 Me —M) 0 TI —TIi; 0 
Tl, 0 0 4 0 0 t1 K4 0 0 K1 0 TI; —TIIe 0 —M3 Me 
IIe 0 0 0 t4 0 te 0 K4 0 K2 —TII; 0 TI; M3 0 —M; 
II; 0 0 0 0 l4 t3 0 0 4 K3 TI, —IT; 0 —Me Mi 0 








they may yield non-combining systems, being finite for 
themselves, but not limiting the II,- and M,-values. 

Indeed there are such representations, but one may 
not easily find them proceeding from the system (1), 
because the continuous character of the II is unfavorable 
to their diagonal transformation, extending as it does 
also to the invariants. On the other hand reduction goes 
almost by itself, if one introduces the group of Eqs. (1) 
as a subgroup into the system the author arrived at in 
the above mentioned paper. One has only to interpret 
the Poisson-brackets as commutation-relations. 

We shall not begin here with the somewhat remote 
starting point of our former considerations, but rather 
at once with the complete scheme of commutation- 
rules. Our electron, in addition to its magnetic mo- 
mentum, will have a spin-angular momentum and a 
velocity to be discerned, following Dirac, from the 
velocity of its center of gravity. Let « be a four-vector 
proportional to the four-velocity, but not bounded by 
the condition ....=—1 (A=1---4), and similarly let x 
be a vector, whose spacial components are proportional 
to the spin-angular momentum, also unbounded and 
both dimensionless. Further let I and K be two in- 
variants connected with the invariants of M, II by 


P—K?=M?—Ir, IK=3}(MI+IIM). (7) 


Then there exists a group-like system of commutation- 
rules between these quantities of such a nature that a 
combination of two of them always gives a third one, 
and a Lorentz-transformation of all the components 
reproduces the whole system. The invariance is proved® 
for the Poisson-brackets and persists in the re-inter- 
pretation. For convenience, the system will be given 
in the form of a “group-table,” the rows labeled with the 
first factor (a) and the columns with the second factor 
(5) of the operation 


[ab ]=ab—ba (8) 








and the value of [ad ]/i inserted at their crossing. (See 
Table I.) 


The system is not a group in the mathematical sense 


(for lack of a unity element), being not even a ring (for 
failure of associativity), but one may speak quite well 
of subgroups, central, etc. The invariant 1 is the 
“central” and in consequence will split up the repre- 
sentation generally. Secondly, of course, one will choose 
one of the M-components, M; say, as a diagonal matrix, 
being certain that its eigenvalues will be discrete ones. 
In the third place, limiting oneself to the “subgroup” 
of Eqs. (1) and (2) expressed at the right lower corner 
of the present scheme, one might think of the intro- 
duction of K and II; as quantities commuting with both 
I and M; and with one another, but by the reasons just 
mentioned this is impracticable. Going through the 
“group-table” one now sees that together with I, K, 
and II; also 13, «4 and x3, Kg commute with M3. None of 
them commutes with K, so that this quantity may be 
dropped. Left with I, Ms, ts, «4, Ks, Ka, one finds that 
they form two sets of mutually commuting elements, 
namely I, Ms, ts, x4 and I, Ms, xs, «4. Thus, the elements 
of one of these sets may be brought simultaneously in 
diagonal form and their eigenvalues may be used to 
label the rows and columns of all matrices. It will be 
shown that 13; and x, have continuous spectra too, 
whereas x3 and «4 have discrete ones. Therefore, we will 
have a I, Ms, xs, us-representation or, as I commutes with 
all elements, a set of non-combining Ms, x3, v4 repre- 
sentations. 

At- this point it seems no longer possible to avoid 
introducing the spinors of the previous paper. These 
spinors, although otherwise disliked for their entangled 
connection with world-vectors, are here in their proper 
place. They express the sixteen elements through eight 
real quantities (four complex spinors) in either bilinear 
or quadratic homogeneous forms, which exhibit at once 
their spectral character. The reduction of the elements 
to half their number involves a set of supplementary 
























conditions studied explicitly l.c.,5 but unimportant for 
the present purpose except for its compatibility with 
the scheme of Table I.* To be brief, we shall now refer 
repeatedly to the foregoing paper and, concerning the 
spinor-calculus, to the paper of Laporte and Uhlenbeck.’ 
Replace the factor I of l.c. (5.10) by 7 and the round 
brackets by the square brackets of formula (8). They 
read then, 


Cvux’l=6y", [ux ]=—6;" (9) 


and are compatible in this form. Indeed, if an ordinary 
spinor y, is expressed in terms of two real quantities, 
say, a, b, in the form ¥,=a+%b, its y;, is obtained by 
change of i into —i. With a, 6 as Hermitian matrices, 
y will transform correctly if one also understands yj; 
as a—ib. In other words, denoting as usual by a f the 
process of changing the rows and columns of a matrix 


and substituting all their i by —7, the matrix y; is to 


be considered as y,', and so 
(Yate =Ex'h, Jt= — 6,’ (10) 


Introduce now the real and imaginary parts in the 
form 


1 ’ 
=—(x!—x}), 
Nv. 


1 
p= Wait vi), 
(11) 

mar Vi) =? 14 x!) 

baa 1 1/) re X°)- 


Then by (9) the #, g are canonical in the quantum- 
mechanical sense: 


1 
[Pmgn]=—Smn; m, n= 1, 2. (12) 
7 


Having exhausted only the spinors with the index 1, 
a second system #3, ps, 93, 94 will be introduced, also 
transforming the spinors with the index 2. Note that 
index 4 does not play a singular role, the p;, q, not 
being the components of a world-vector. With these #;, 
qx, R=1---4, the I, K, M, II, ¢, x are now to be expressed 
as the J, J, IN, L, 7, & of the former paper, Greek type 
indicating dimensionless quantities. For instance M3 
takes the form (note Y!=yo, Y= —y1) 


M3=My2.= ~ yma mi Le. (4.11) 


4 
= —3(tix!—pox?+Yix!—ypax?), Lc. (4.7) 
= —4(prga— pags) +3 (Page rags). (13) 


6 Beside the eight conditions indicated |.c. there is a super- 
numerary one, the number of independent elements being seven, 
as has been shown by W. Kofink, Ann. d. Physik (V) 38, 421 
(1940). Indeed Eq. (3.26) resp. (4.26) l.c. has a dual one to be 
formed by jM* instead of 7M. 
as 3) Laporte and G. E. Uhlenbeck, Phys. Rev. 37, 1380, 1552 
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TABLE II. 
m1 ns ne n4 
t 0 t 0 
i—1 1 «—1 1 
t—2 2 t—2 y 
0 t 0 t 








Having the form of angular momentum components, the 
brackets may be brought into quadratic forms by the 
contact-transformation 


1 1 
p=" Pi— he), = Orth), 
(14) 


1 1 
b= @r— 41), q=— Ort 92), 
Cte, 


generated by the function 


S(q1° ° "4, Pr ° - pa) 


4 
=V2 DL pige—Pip2— PsPa— 192-904, (15) 
k=1 
in the well-known manner (p,=90S/0q:, x= OS/ODx). 
So we have 


Ms3= —4 (pi? +41”) +4 (p2?+ G2”) 
+3(ps?+9s")—t(G+Gu7), (16) 


and it is seen at once that the eigenvalues of M; are all 
positive and negative integral and (note the factor 3) 
half-odd-integral numbers. Owing to the change of 
signs there is no “zero-point” term, as of course must be 
expected from the first triple-set of (1). Likewise the 
other three representative quantities I, x3, and «4 just 
amount to quadratic forms. Writing for abbreviation 


A. =3(pe+4.), ke 1, 2, 3, 4, (17) 
one obtains (u4= — ¢4) 


M3=}(—Hi+ H+ H;— A), 
=>(Hi—H2+ H;— A), 
k3=3(Hi+H2—HA3— Ay), 
é=3(4i+- A2+A3+ A). 


The fourth quantity is positive definite, which will be 
of both mathematical and physical importance. The 
other three exhaust the possibilities of two negative 
signs. Obviously all have discrete eigenvalues, and by 
reasons of rotational transformability Mi, M2 and «i, xe 
will be discrete-valued too. 

Correspondingly, the II3, K, «3, «‘ are continuous, 
re-establishing in this way the “relativistic symmetry.” 
The quantity «‘=—«, appears immediately, without 


(18) 
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the preceding transformation, in the form 


Kt=1 Do (p.’—9e"), (19) 


k=1 


which evidently has no discrete eigenvalues, the term 
—g corresponding to a potential-peak instead of a 
potential-hole. The invariant K and the component II; 
become 
K 
= + 3(Pip2— 9192) + (Pspa— Fs), (20) 


3 


and a transformation to principal axes shows that they 
are also composed of terms of the form #*?— q. The 
component t3= —3(f192+ poqi) + (DsGat fags) is not 
so easily transformed. But 


—43(Pips— U9) +3 (PaPs— 429s) (21) 
has again the form (20), and from this the continuous 


character of the :- and 13-components may be inferred. 
Let us introduce the eigenvalues explicitly putting 


Hi=m+3, m=0,1,2,---, k=1,2,3,4. (22) 


As the M;---c* shall be used as indices themselves, we 
shall drop their subscripts, writing simply yu, « for Ms, 
kz; and, to spare the “zero-point” term, .=«‘—1. So 
we have from (18) 


p=3(—+ne+n3— Mm), 
[= 3(m— N2+N3—MN4), 
K=}(m+n2—N3— Ma), i 


t= 3(my+mo+nst+m). 


Obviously the eigenvalues of I are all integral and half- 
odd-integral numbers, both positive and negative 
including zero. Every I by its character, integer or not, 
determines a set of 1, x, u of the same character. Fur- 
thermore, every given value of . admits only a finite 
number of combinations of 1, m2, 3, ms. Thus the 
definiteness of «* enables one to unfold every repre- 
sentation step by step. The value of « may be written 
according to (23) in the forms c-=m2+m+I or c=m 
+n3—I, depending on the sign of I, showing that 
always 


=I]. (24) 


For a more detailed study we may confine ourselves 
to the most simple case 


I=0. (25) 


Hence, m+n3=me+m, and c=m-+n3, for instance. 
Given the value of « one has the possible arrangements 
shown in Table II. Every left-side arrangement can be 
combined with every right-side one, there being («+ 1)? 
combinations. Thus ¢‘ is (c-+1)? or (c4)?-fold degenerate. 


fIn the forthcoming paper Zeits. f. Naturforschung 4a the 
letter x denotes the maximum value of M3. 
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Eliminating 3; and m,, for instance, one gets from (23) 
k= Nmy+ N2— lt, b= —ny+ No. (26) 


Accordingly «x will have its maximum value if m and n, 
have theirs (and inversely), or 


i (27) 


according to Table II. The terminal values are realizable 
just once, with »=0. Furthermore, still following 
Table II, one sees that x=.—1 and x=1—. are both 
realizable twofold with w=—1, 1, or x=1—2 and 
x=2—. threefold with n= —2, 0, 2, etc., down to «=0 
with w=—.1, —i+2, —1+4, ---, .—2, 2, so that the 
u-values attached to a value of x may be written 


[xel—s, [x] —et2, +++, e—[e|—2, e— [a]. (28) 


Briefly stated: a multiplication of two matrices a and 6 
in the ¢, x, u-representation will be accomplished by the 
process 


t—|x| 


(eu! |ab| 00") = SD EQ) 


—t |xl—e 
x (e'n’ pw! |a| expe) (exp || 0’«’’w’’), (29) 


the index (2) indicating steps of two units in the index. 
Similarly in the case I=}: 


—«—} — te etxt} 


r -E ox Tn@)4+E« Tne]. (30) 


ni —n2-+n3—nm4 = 1 —tte—-} —4 —t—K +h 


In the preceding expressions exchange of « and uy is 
possible. To write down the matrices we make the 
usual transformation 


1 i 
p=—(P+Q), g=—(P-Q), (31) 
v2 v2 
for every k. Any H, formula (22), with eigenvalues m, n 
will then be made diagonal by 


Prn= (m+ 1)48m+1, ny QOnn= (m)45m—1, ny) (32) 


being different H;, to be distinguished by different mx, 
n,. For convenience we shall give the six. representative 
matrices explicitly: 


Mi=3(—PiQ3— P3014 P2Qit PQs), 

M2= (i/2)(P:103— P30:+ P2Qi— PsQ2), 

M3=3(—Pi01+ P2Q2+ P303— PQ). (33) 

Thi = —}(P1P1+ 0101+ P2P3+Q203), 

Tlp= (t/2)(P1Ps—Q101— P2P3+Q203), 
—}(PiP2+Q102— P3sPs—Q:04). 


Note that Pt=Q, Qt=P, guaranteeing the hermitian 
character of the M, II. The arrangement of the factors 
is arbitrary. 

aon the P, Q from (32) one has for instance 


= —§ 4 {((mi+1)(mg+1) }85mi+1 sny Omene 
X bm3gn3dm4+1 04 +. one I, (34) 
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TABLE III. 





the. . . indicating three similar terms. Here the m,, nz 
are to be substituted by the I, 1, x, u according to (23). 
Inverting these formulas we have, »utting I=0 and 
indicating m and n by one and two accents respectively: 


m= 3 (0+ x’ —p'), m= 3(e'+ +p’), 
ms=3('—«'+y'), ma=3('—«'— yp’), (35) 
m=3(" Ku! — py"), me=3(" +n" +p"), 


m=He"—K"$ nu"), ma=H(l"— "=H". 


The rather extended terms are reduced to half their 
number of factors by the commutability of II, and « 
(see Table I), involving x«-diagonal character of II, at 
least for all non-vanishing values of x, and actually 
throughout. Thus II, attains the form 


Th = — 26007 {[ (e+e! — w’ +2) (c'—«’— w’ +2) }} 


X by 42,07 — pr Oey’, epee eee } (36) 


and may easily be written down row by row, the root 
being constant in every row. The structure of the 
II-matrices will become clear from. Table III, where the 
upper triangle refers to — 2- II; and the lower to — 2: IIo, 
the missing triangles being the Hermitian complements. 
The c-, x- and yu-matrices, of course, are immediately 
given. by either the head or the left margin of the 
II-representations. A complete representation may now 
be gained simply from Table I, if one disposes of 
II; or one further M-component. There is some interest 
in considering M,, for instance. As it commutes with 1, ° 
only its quadratic submatrices are different from zero. 
Table IV gives 2-M; with the same meaning of rows 
and columns as Table III. Evidently the M-submatrices 
are further reducible, finite representations of the 
rotation group (as they are) being characterized by 
matrices of rank 2j+1, j=0, 1, 2, ---instead of 
(.-+1)?, -=0, 1, 2, ---. Thus e.g. (1«’u’|Mi|1«’u”) will 
be decomposed by a unitary transformation Ut-M,U 
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with 
1 
v2 
0 
U= 
0 
1 
v2 
into (0) and 
0 
1 1 
aes 0 <a 
v2 v2 
1 
0 — 0|- 
v2 J 








ae 


By the same transformation (1x’u’|M3|1«’u’’) goes 
over into (0), (1 0—1). In this way every submatrix 
can be decomposed again into a step-matrix, labeled 
by uw and its maximum value. Yet for the present pur- 
pose it seems more interesting to have evidence of the 
connection between yu and x, and so this transformation 
may first be set apart. Physically it may appear strange 
to find magnetic and angular momenta combined in the 
way indicated by these matrices, but in the case I=} 
one will have x= (3, —}) together with n= (—4, 3), and 
this will be correct for a negative electron. 

Given the representations of the Lorentz-transforma- 
tion, explicit transformation formulas may easily be 
worked out. Let us begin with an infinitesimal trans- 
formation (€) to a system of reference moving in direc- 
tion 1, 


M;’= UiM;U= M;+ ells, (38) 
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TABLE IV. 


say. Putting 
U=1+eu (39) 
’ one has after a multiplication with Ut 
Myu=uM;+ Ie. (40) 
According to Table I this equation will be obeyed by 
u=—ill;. ' (41) 


A finite transformation with g=Ne will now .be 
effectuated by an J-fold repetition of this process. So 
we have at the limit e=0, V=«: 


. 
U=lim (:-i-n) =exp(—7¢ll)). (42) 


N=0 


Similarly a rotation will be obtained through M instead 
of II. The exponential matrices being infinite (and 
actually containing an infinite number of elements in 
every row and column) will transform an “expansor”’ 
Alvxy of Dirac’s type according to 


A'=exp(—ilII)A (43) 

in a unitary way. 
At present we must restrict ourselves to these mathe- 
matical preliminaries, as every application in the sense 
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proposed I.c. will need rather laborious work. As is well 
known Dirac’s theory agrees excellently with experience, 
and every attempt to improve it can be tested only by 
very subtle effects, e.g., the term-shift recently studied 
by Bethe,* and related phenomena. Only two general 
advantages of the present apparatus may be empha- 
sized. First, as mentioned in the introductory remarks, 
the continuous spectrum shown by half of our matrices 
seems to account for the essentially continuous, non- 
quantum character of the radiation-damping-process 
and its natural line-breadth in a more intrinsic manner 
than does the usual procedure of Hohlraum quantiza- 
tion. It is satisfactory, that x,, k=1, 2, 3, corresponding 
to the spin-angular momentum, is quantized, whereas 
tz, k=1,2,3, corresponding to the four-velocity, is 
continuous. Very probably the ordinary velocity, to be 
represented by the Hermitian real part of («‘)—u:, 
k=1, 2, 3 will still be continuous. This should be more 
comprehensible than the puzzling behavior of Dirac’s 
velocity matrices, which always have the eigenvalues 
+c (=velocity of light). 


8H. Bethe, Phys. Rev. 72, 339 (1947). 
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Moreover our matrix I allows one to set up Hamilton- 
functions (wave-equations) with definite energy. In the 
rest-system of the center of gravity (p=0) the energy 
will have the form E=(u*)—¢moc? (mo=rest-mass, 
u’=4-component of four-velocity). Now, in Dirac’s 
theory one is provided with two operators to be con- 
nected with the mass, both having eigenvalues +1 and 
—1 and non-commuting with the Hamilton-operator as 
a whole. Thus, £ can be positive of negative, and transi- 
tions may occur in external fields. Here we have also 
two invariants, I and K, of which I commutes with :‘. 
Thus E=(c')—moc? with mop=m)(I) will be hermitian 
and of correct transformation character. Owing to the 
definiteness of «‘, however, any positive even function 
mo(1) will now always yield a positive E. With odd mo 
there may be E>0O or E<0O; yet by the exclusive 
character of I there will be no transitions in any case, 
as long as mo does not depend on K. Of course this 
simple example is only an informative one and does not 
solve the difficult mass-problem. Indeed the physical 
point of view arrived at in the last section of the former 
paper would make one expect a term with («*)—!(I?+ K?)! 
rather than (i). 
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Sound Propagation in Chemically Active Media* 
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A fluid containing chemically active ingredients in equilibrium may exhibit unique physical properties: 
the compressibility may depend on the rate of compression; similarly the specific heat may depend on the 
rate of temperature change. This rate dependence arises from the finite reaction rate of the chemical 
components. One phenomenon resulting from this behavior is the anomalous absorption and dispersion of 
sound. Expressions are given relating the chemical reaction rate, the equilibrium constant, and other chemical 
parameters, to the acoustical properties of the fluid. As an illustration of these relationships the unusual 
sound absorption in aqueous MgSQ, solution is discussed. Calculation shows that the partial compressibility 
associated with the ionization process is of the correct magnitude to explain the observed absorption. 





I. INTRODUCTION 


FLUID containing chemically active components 

may possess unusual physical properties which 
are not commonly encountered in ordinary fluids. One 
of these unique properties may be illustrated by the 
following experiment: Suppose a container is filled with 
a substance containing chemically active ingredients in 
equilibrium; the chemical reaction must be one whose 
equilibrium constant is pressure dependent. Means are 
provided for observing the instantaneous change in 
volume with pressure and hence of measuring the coef- 
ficient of compressibility. Such an experiment will yield 
the unusual result that the coefficient of compressibility 
depends on the ra/e of compression (or dilatation). 

The explanation for this result is fairly obvious: the 
chemical reaction contributes in part to the volume 
change, but its contribution depends on how far the 
reaction has proceeded toward equilibrium and hence 
on the rate of compression. Furthermore, it is entirely 
possible for the compressibility measurement to be per- 
formed in a time too short for the chemical reaction to 
participate, in which case the measured compressibility 
will be only that of the reactants considered as inert. 
Hence, a chemically active fluid may be said to have 
two compressibilities: a static, or equilibrium com- 
pressibility, and a dynamic compressibility whose value 
depends on the compression rate and which approaches 
a limiting value at high rates of compression. 

In an analogous manner a chemically active sub- 
stance whose equilibrium is temperature dependent may 
possess dynamic and static specific heats. The static 
specific heat of the substance is measured after equi- 
librium is attained and is identified with the value 
obtained in conventional measurements. The dynamic 
specific heat will depend on the rate of change of tem- 
perature and will approach a limiting value at high 
rates of change. The difference between the limiting 
value and the static value is simply the partial specific 
heat of the chemical reaction. 

An acoustic wave is a familiar example of a process 
in which rapid compressions and temperature changes 


* This work represents one of the results of research carried out 
under contract with the Bureau of Ships, Navy Department. 


occur. In acoustics then, the distinction between the 
static and dynamic properties which exists in a chemi- 
cally active medium may be expected to become ex- 
tremely important. Long ago, Albert Einstein! inter- 
preted the excessive sound absorption occurring in a 
partially dissociated gas such as nitrogen tetraoxide, as 
a result of the dissociation reaction. It may also be 
expected that chemical reactions occurring in liquids 
might also influence the propagation of sound waves. 
Particularly interesting, are the possibilities for deter- 
mining the reaction rates of rapid chemical processes 
from the study of acoustic behavior. 

The ensuing sections deal with relationships between 
chemical and acoustic properties, which will be useful 
in studies of this kind. As an illustration of the applica- 
tion of these relationships, a calculation is made of the 
anomalous sound absorption in an aqueous MgSO, 
solution which is compared with observation. 


II. PARTIAL COMPRESSIBILITY AND SPECIFIC 
HEAT OF A CHEMICALLY ACTIVE 
SUBSTANCE 


A. Static Considerations 


In order to obtain the dynamic compressibility and 
specific heats it is convenient to consider first static 
values. These may be obtained with the aid of the well- 
known thermodynamic relationships,” 


(@AF/dP)r=AV, (1a) 
(@AF/dT) p= —AS. (1b) 


The first expression relates the isothermal change in 
free energy, AF, to the molar volume change, AV; the 
second relates the isobaric change in free energy to the 
molar entropy change, AS. From these two expressions 
the van’t Hoff equation and its isothermal analog 


(a nK/8T)p=AH/RT?, (2a) 
(a nK/aP)rp=—AV/RT (2b) 


1 Albert Einstein, Sitz. Berliner Akad., 380 (1920). 

2 For example, see: Gilbert N. Lewis and Merle Randall, 
Thermodynamics (McGraw-Hill Book Company, Inc., New York, 
1923). 
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are obtained, where AH is the molal heat content, and 
K the equilibrium constant of the chemical reaction. 

Compressibility is defined as —0V/VO0P. This de- 
finition may also be written as 


Bo’ = —(1/V)(8V/d InK)r(0 InK/dP)r, (3) 


where fo’ will be defined as the static isothermal partial 
compressibility. It follows then from Eq. (2b) that 


Bo’ =(0V/d InK)AV/VRT. (4) 


The partial compressibility can be reduced to a less 
general form depending on the nature of the chemical 
reaction: Consider the ideal reversible reaction AB; 
for example, a substance possessing two states (such a 
model has been proposed for both the shear and bulk 
viscosities of liquids). The equilibrium constant, K, is 
then, V/(1—N), where N is the molal fraction in the 
excited state. From Eq. (4) we have for this case 


Bo’ = (dV /dN)(1—N)NAV/VRT. 
But AV is by definition, dV/dN. Hence, 
Bo’ = (V/RT)(AV/V)N(i—N). (Sa) 


Or, since AF= — RT InK, the compressibility may also 
be written as 


Bo’ =(V/2RT)(AV/V)?/(1+coshAF/RT). (Sb) 


Another simple reaction is AB=2A+B; for example, a 
partially dissociated gas or liquid. In this case, ideally 


Bo’ =(V/RT)(AV/VYN(1—N)/(2—N). — (6) 


Hence, the molar change in volume, AV, and the free 
energy (or the equilibrium constant) serve to determine 
the value of the partial compressibility at any fixed 
temperature. For a maximum compressibility there 
exists an optimum degree of dissociation; complete 
dissociation (1—N-—0) and negligible dissociation 
(N—0) would both be expected to exhibit small com- 
pressibilities. 

In an analogous fashion a partial molal specific heat 
may be calculated for a chemically active substance. 
The molal specific heat is defined as 


Co’ =AHON/OT. 
It follows from Eq. (2a) that 
Co’ =((AH)?/RT?* dN /d InK. (7) 
For the two-state reaction, A@B, 


Co’ =[(AH)?/RT* IN (1—N) 
= (AH)?/2RT*(1+coshAF/RT). (8a) 


Similarly, for the dissociation reaction, AB=A+B, 
Co’ =((AH)*/RT?JN(A—N)/(2—N), _— (8b) 


which completes the analogy. 
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B. Kinetics of Compressibility and 
Specific Heat 


It is convenient to begin kinetic considerations by 
once again referring to a specific reaction, for example 
AB@A-+B. According to the law of mass action the 
recombination rate will be kN?, and the dissociation 
rate, kK(1—N), where & is the familiar reaction rate 
constant. At equilibrium it is clear that, 


dN /dt=kN*—kK(i—N)=0. 


If the equilibrium of a reaction is only slightly per- 
turbed, for example, by the application of a pressure 
change, it may easily be shown that the rate of return 
toward equilibrium is, to a first-order approximation: 


d(AN)/dt=x(AN—AN>), 


where AN, represents the magnitude of the small per- 
turbation; the newly introduced quantity, x, will be 
defined as the equilibrium reaction rate. Although the 
form of the above equation holds for all chemical reac- 
tions the relationship between the conventional reaction 
rate, k, and the equilibrium reaction rate, x, depends on 
the specific reaction. For example, «= k(K-+1) for the 
reaction ASSB; x=k(2N+K) for the reaction ABA 
+B. 

If the applied perturbation, AN, is a constant, the 
above gives as a solution 


AN = AN,[1—exp(— «é) ]. 


Hence 1/x may be regarded as the time constant, or 
relaxation time, of the reaction in the vicinity of 
equilibrium. 

Any perturbation, produced in the chemical reaction 
by a sound wave, will vary periodically with time, for 
example, as expiwt. In this case the solution to the above 
equation gives for the amplitude of the perturbation 


AN = AN}/(1+%tw/k). 


However, AW is proportional to AlnK. Hence from 
Eq. (3) it follows for a periodic pressure variation, that 


B’= Bo'/(1+-iw/k), (9a) 


where f’ is the dynamic isothermal partial compres- 
sibility. Similarly for a periodic temperature variation 
it follows from Eq. (6) that 


C’=Co'/(1+iw/x), (9b) 


where C’ is the dynamic partial molal specific heat. 

The complex character of the dynamic compres- 
sibility may be interpreted in terms of a phase lag 
between applied pressure and compression (or rare- 
faction). The real part of the dynamic compressibility 
is in phase with the pressure; the imaginary part lags 
the applied pressure by 2/2. At low frequencies the 
magnitude of the real part predominates; at high fre- 
quencies the imaginary part is greater, diminishing 
toward zero with increasing frequency but less rapidly 
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than the real part. The above interpretation holds in a 
similar manner for the dynamic specific heat. 

In the following section it will be shown how the 
complex character of the dynamic partial compressi- 
bility and dynamic partial specific heat results in the 
absorption of energy from an acoustic wave propagated 
through a medium. 


III. Sound Absorption and 
Chemical Reaction 


That the existence of imaginary quantities in the 
expression for the specific heat or compressibility 
implies the dissipation of sound energy, can be simply 
shown as follows: A plane acoustic wave in an absorptive 
medium can be represented in the form 


a= exp[iw(t—x/c)—ax], 


where a is the amplitude of the sound wave at a distance 
x, and a@ is the amplitude absorption coefficient. The 
expression may also be written in the form 


a= dp exp[iw(t—x/v) ], 


where 1/v=1/c+a/iw. It is convenient to define the 
complex refractive index as c/v; it follows then that the 
imaginary part of the square of the refractive index is 
—2iac/w. Hence, the imaginary part of the refractive 
index is associated with absorption of sound. 

The complex refractive index for any medium may 
be calculated with the aid of the well-known relation. 


v= /Bp, (10) 


where 7 is the ratio of the specific heats and p is the 





















= 
$s 
$s Lwin 
8 
~ 
° 
~ 
Chemical 
Absorption v7 
7 
7 
7 
y A 





Log w 


_ Fic. 1. These curves illustrate the dependence of sound absorp- 
tion and velocity on frequency in a chemically active fluid. 
Except for the critical region (w==x) absorption is proportional to 
the square of the frequency and the velocity is independent of 
frequency. Increasing the equilibrium reaction rate, x, decreases 
the magnitude of the chemical absorption (but not the velocity 
shift) as well as displaces the critical region to higher frequencies. 
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density. The compressibility, 8, is the dynamic com- 
pressibility of the medium as a whole. However, pub- 
lished values for the compressibilities of materials are 
invariably static compressibilities. The static com- 
pressibility, Bo, is related to B by 


B= Bo— Bo’ + Bo’ /(1+-iw/k). (11) 

Analogously, 
Cp=Co—Co’+Co'/(1+-iw/k), (12a) 
Cy=Co—A—Co'+Co’/(1+iw/k), (12b) 


where A is Cp—Cy. Hence, the square of the refractive 
index is given by 


Cy Co A—Co' + Cy'/ (1-4 tee) 

Cob Com Ga +e (Act den/s) 
Bo— Bo’ — Bo’ /(1-+ie/n) 
: 





(c/v)?= 


13) 





Collecting imaginary terms it is found approximately 
that, 


(14) 





Cy’A Bo’ ] wk 
2a= | -— , 
Co? Bo Sc(w?+x2) 


The first term in this equation results from temperature- 
induced changes in ‘the chemical reaction; the second 
term is associated with the effect of pressure on the 
reaction. At low frequencies, (x >>w), absorption is 
proportional to the square of the frequency; in the 
critical region, (k=w), absorption increases much less 
rapidly with frequency; at extremely high frequencies 
absorption is independent of frequency provided other 
dissipative processes are absent. Actually the dissipation 
resulting from the viscosity of the medium cannot be 
neglected at high frequencies which again results in a 
square dependence on frequency in this region. These 
relationships between chemical absorption, viscous dis- 
sipation, and frequency are summarized in Fig. 1. 

The real part of the refractive index is also frequency 
dependent ; expressed in another way, dispersion of the 
velocity of sound may be exhibited by a chemically 
active fluid. The real part of the refractive index is 
approximately 


(c/v)?=1+2akc/w. (15) 


Hence, the sound velocity in a chemical medium is con- 
stant at low frequencies, and increases in the critical 
region becoming constant again at higher frequencies as 
illustrated in Fig. 1. Clearly, data on velocity dispersion 
will yield the same kind of chemical information as can 
be derived from sound absorption data. However, the 
total change in velocity is usually an extremely small 
fraction and may not easily be observed. Particularly 
difficult would be the elimination of velocity variations 
resulting from uncontrolled temperature changes in the 
medium. 
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In the following section a calculation is made illus- 
trating the utilization of absorption data to obtain the 
partial molar compressibility and chemical reaction rate 
of a chemical reaction. 


IV. ILLUSTRATION OF SOUND ABSORPTION 
RESULTING FROM A CHEMICAL REACTION 


It was found recently* that the absorption of sound 
in sea water behaves in an anomalous fashion. The 
quantity 2a/w* was observed to be constant at fre- 
quencies up to 100 kc and to decrease by a factor of 50 
becoming constant again at frequencies above 1000 kc. 
Significantly, this effect was not found in fresh water 
although the absorption of sea water and fresh water are 
practically identical at frequencies above 1000 kc. 
Obviously the anomalous absorption could be attributed 
to a process involving one of the dissolved substances 
in the ocean. 

Sufficient measurements were made to establish the 
frequency dependence of the absorption in the ocean in 
the form 


2a/w?=Ax/(K?+w?) +B. (16) 


It will be noted that this frequency dependence is 
identical with that predicted by Eq. (14). From this 
identity, 

A=Cy'(Cp—Cy)/cCo?+ Bo'/Boc 


obtains. The coefficient A was found to be 2.9X10-” 
sec./cm; the reaction rate, x, of the process responsible 
for the absorption, was 0.9X 10°/sec. 

Recently, Robert W. Leonard‘ was able to repeat 
these sea water measurements in the laboratory. By 
synthesizing artificial sea water he was able to show 
that MgSO, was the dissolved substance in sea water 
which was chiefly responsible for the absorption 
anomaly. It was found that a pure MgSO, solution 
having the same molal concentration (0.02 mole/liter) 
as is found in the ocean, gave somewhat higher absorp- 
tion than the synthesized sea water which also included 
NaCl, MgCle, and CaSQO,. It appears from Leonard’s 
data that the quantity A for the MgSO, solution is 10-° 
sec./cm and « is 1.5 10°/sec. 

The chemical reaction in MgSO, solution responsible 
for this sound absorption is one of several normally 
present; as a group these are termed ionization. The 
nature of the particular reaction is uncertain, for 
ionization processes in solution are complicated and not 
well understood. For the present purpose identification 
of the reaction is not required and in subsequent dis- 
cussions it will be referred to simply as an ionization 
process. 

The partial specific heat of the solution may be ob- 
tained directly from the temperature dependence of the 


3 Leonard Liebermann, J. Acous. Soc. Am. 20, 868 (1948). 

‘Leonard, Combs, and Skidmore, J. Acous. Soc. Am. 21, 63 
(1949). Dr. Leonard has kindly made available the data which 
was shown on a slide at the thirty-sixth meeting of the Acoustical 
Society of America in Cleveland, Ohio (November 4-6, 1948). 





heat of dilution eliminating the need for evaluating 
Eq. (8b). Such observations have been made by Plake® 
for MgSO, at two temperatures, 20° and 10°C. These 
data give only an approximate value for Co’ but the 
accuracy is adequate. Plake’s heat of dilution data 
yields 1.2X10-* cal./g/°C for Co’. Using (Cp—Cy) 
equal to 6X10-*, and Co=1 and c=1.5X105 the first 
term of A is found to be 4.5X10— sec./cm. It is clear 
that the partial molal specific heat of MgSO, can only 
account for about 5 percent of the observed absorption. 
This conclusion is sustantiated by a few observations 
on the temperature dependence of the absorption. The 
specific heat term in Eq. (14) is proportional to (Cp—Cy) 
which diminishes rapidly with decreasing temperature 
and vanishes in the neighborhood of a few degrees 
centigrade. However, these measurements of absorption 
show no such marked sensitivity to the temperature. 

Inasmuch as the first term of Eq. (14) is not adequate 
to explain the absorption, the effect of the compressi- 
bility term will now be considered. Compressibilities of 
dilute solutions have been investigated with the aid of 
sound velocity measurements using Eq. (10). The results 
of these measurements can be expressed in terms of the 
quantity @ which is defined as 


$= (8s—Bo)/m, 


where 8 and Qs refer to the compressibility of the 
solution and of the solvent and m is the molar concen- 
tration of the solute. Bachem® determined @ for 
MgSO, over a range of concentrations and found the 
approximate empirical relationship, 


b= o— 35 X 10-7m'. (17) 


The empirical relationship above does not give 
explicitly the partial compressibility arising from the 
ionization process. This portion of the compressibility 
may be distinguished from the whole with the aid of 
Eq. (6). Reinterpreting Eq. (6) for ideal ionic dissocia- 
tion in solution, it predicts that the partial molal com- 
pressibility arising from the ionization reaction should 
approach 0 with negligible concentration; furthermore, 
this compressibility may be expected to increase ap- 
proximately as the square root of the concentration for 
dilute solutions. Hence it seems reasonable that the 
second term of Eq. (17) represents the partial molal 
compressibility associated with ionization; the first 
term ¢o represents the partial molal compressibility of 
the completely ionized solute. It follows that for 
MgsO,, 

Bo’ = —35X 10-7. 
It is to be noted that the sign of fo’ is negative although 
¢ is positive; the molal compressibility of a solution is 


decreased by the addition of a solute, but increasing the 
concentration lessens the effect. 


5 Ewald Plake, Zeits. f. physik Chemie Al62, 257 (1932). 
6 Ch. Bachem, Zeits. f. Physik 101, 541 (1936). 
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The partial dynamic compressibility calculated from 
the above with a concentration of 0.02 mole/liter yields 
for A, 1.3X10-*. Hence the magnitude of A calculated 
by means of the dynamic compressibility, is in good 
agreement with the value obtained from the observed 
sound absorption in MgSQ,. Clearly the partial com- 
pressibility of the MgSO, ionization reaction is of the 
correct magnitude to explain this unique sound ab- 
sorption. 


V. ABSORPTION PROCESSES IN SOLUTIONS 


The preceding discussion relating sound absorption 
and chemical reaction has been chiefly phenomeno- 
logical, with little concern for the nature of the molecular 
processes which produce these acoustic effects. Possibly 
a few pertinent facts and relationships which are sum- 
marized below may well be significant as a basis for a 
molecular description of sound absorption in solutions. 

One of the several possible ionic interactions present 
in ionization has been treated theoretically by Debye 
and Falkenhagen’ in their theory of electrical conduc- 
_ tivity in solutions. In this theory the normal interaction 
between the solute and solvent ions in solution is 
assumed to be perturbed by the application of an 
external electric field; this perturbation between ion 
and solvent, of course, proceeds with a specific reaction 
rate. Hence, application of an alternating electric field 
results in a dependence of conductivity on the field 
frequency in a manner exactly analogous to the pre- 
ceding acoustic treatment. It has already been pointed 
out that MgSO, absorption data lead to a reaction rate 
for one of the reactions associated with the ionization 
process, namely, c= 1.5X10°/sec. The value of «x from 
the frequency dependence of electrical conductivity for 
MgSO, is of the approximate order of magnitude which 
suggests a possible similarity meriting further study. 

As pointed out previously, the partial compressibility 
and the partial specific heat have been found em- 
pirically for most salts to vary approximately as the 3 
power of the concentration of the solute. The reaction 
rate, x, may also depend on the concentration as can be 
inferred from the earlier discussion of reaction kinetics. 
For a dissociation reaction, which seems reasonable in 


7 Peter Debye and Hans Falkenhagen, Physik. Zeits. 29, 121, 
401 (1928). Also see® Hans Falkenhagen, Electrolytes (Clarendon 
Press, Oxford, 1934), pp. 181-192. 





LEONARD LIEBERMANN 


this case, x is approximately proportional to the concen- 
tration.** Hence, sound absorption in solution may be 
predicted to vary as the square root of the solute 
concentration. Interestingly, the Debye-Falkenhagen 
theory predicts the same dependence of conductivity on 
the concentration. 

It may be expected that other salts possessing com- 
pressibility properties similar to MgSO, would also 
exhibit similar acoustic properties. Salts which exhibit 
similar compressibilities are CdSO., CuSQ., MnSO,, 
and ZnSOQ,; NasPO, exhibits a somewhat greater com- 
pressibility. Provided their reaction rates are nearly 
identical to MgSO,, which is a likely possibility, these 
salts may be expected to be acoustically similar. Uni- 
valent salts such as NaCl uniformly exhibit a smaller 
partial compressibility and would be expected to be less 
active acoustically. In spite of this it is somewhat sur- 
prising that the 25-fold increase in concentration of 
NaCl over MgSO, found in sea water does not com- 
pensate for the lower partial compressibility of the 
former and produce comparable sound absorption. 
Further, the quantity, A, for NaCl is 40 times greater 
than for MgSO,. Clearly in order to explain the lack of 
absorption of the former the reaction rate must also be 
considerably greater; at least 200 times greater than 
that of MgSO, to produce a negligibly small absorption. 
This conclusion regarding the greater reaction rate in 
NaCl is in agreement with chemical expectations: The 
increase in x resulting from the greater concentration of 
the NaCl is 25; the increase arising from the difference 
in ionization constants is nearly 10, which leads to a 
reaction rate similar to that deduced above. 

Finally it deserves mention that the unique com- 
pressibility properties exhibited by a MgSO, solution 
bear a close resemblence to that property of pure liquids 
known as the dilatational (compressional) viscosity. 
Actually, there exists at present no experiment by 
which these two properties, dilatational viscosity, and 
partial compressibility associated with a chemical reac- 
tion, could be disinguished. Quite likely the distinction 
is purely 4 formal one requiring some theoretical clari- 
fication but in no way excluding these chemical reac- 
tions from the class of mechanically dissipative processes 
known as viscous forces. 


** For the two state reaction, ASB, the equilibrium reaction 
rate, x is independent of the concentration. 
8 Leonard Liebermann, Phys. Rev. 75, 1415 (1949). 
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The Energy Level Density and Partition Function of Nuclei 
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In this paper the nuclear energy level densities given by van Lier and Uhlenbeck, and by Bohr and 
Kalckar are compared with those given by Wergeland. It is shown that Wergeland’s formula agrees slightly 
better with observational data. Wergeland’s energy level density is then used to calculate the partition 
function of nuclei at a temperature of 1 Mev since this partition function enters into a discussion of the 
equilibrium theory of the origin of the chemical elements. 





N many problems it is necessary to have a formula for 
the density of the energy levels of a nucleus. As 
examples we may mention the statistics of nuclear 
reactions! or the discussion of the equilibrium theory of 
the origin of the chemical elements.” It is therefore im- 
portant to have as accurate an expression for the level 
density as possible. Bethe* assumed that the nucleus 
might be treated as a Fermi-Dirac gas of Z protons and 
N neutrons in a spherical box, the volume of which is 
the volume of the nucleus, and proportional to A= NV+Z. 
Van Lier and Uhlenbeck* have generalized Bethe’s 
procedure by considering a gas of Fermi-Dirac particles, 
where the density of the energy levels of the individual 
particles is left undefined. It turns out that the level 
density of the nucleus is given by 


p(A, E)dE=[1/E(48)'] expla(2E/3A)* WE, (1) 


where E is the excitation energy, p(A, £) the density of 
the levels for a nucleus of atomic weight A in the 
neighborhood of the energy £, and A the spacing of the 
individual energy levels at the top of the Fermi distribu- 
tion. It is seen that p depends on A and the density of 
the individual levels only through A. It is therefore 
not surprising that Bohr and Kalckar® obtained the 
same formula under the assumption of equidistant indi- 
vidual levels. For A, it seems a good approximation to 
use 


A=10/A Mev. (2) 


Recently, Wergeland® has attacked the problem from a 
different point of view. Instead of using the approxima- 
tion that the nucleons are free, he uses the liquid drop 
model of the nucleus. The total energy of the nucleus 
is no longer the sum of the individual energies of the 
constituent nucleons but equal to the sum of the ener- 
gies of the excited proper vibrations of the drop. In 


* This paper was written while the author was temporarily at 
Yerkes Observatory, Williams Bay, Wisconsin. 

1V. Weisskopf, Phys. Rev. 52, 295 (1937). 

2 G. Beskow and L. Treffenberg, Arkiv f. Mat. Astr. o. Fys. 34A, 
No. 13 (1947). 

3H. A. Bethe, Phys. Rev. 50, 332 (1936). 

4C. van Lier and G. E. Uhlenbeck, Physica 4, 531 (1937). 

5N. Bohr and F. Kalckar, Kgl. Danske Vid. Sels. Mat.-fys. 
Medd. 14, No. 10 (1937). 

6H. Wergeland, Fra Fysik. Verden, 223 (1945). 


this way, Wergeland obtains for the level density: 
p(A, E)\dE=1.14A'"E-5!" exp(0.9A?"E*)dE, (3) 


where all energies are expressed in Mev. 

In order to compare the two formulas, we have cal- 
culated the level spacings for various values of A and E. 
The results are given in Table I. The first number given 
is that obtained from Eq. (1), and the second value 
that obtained from Eq. (3). 

It is seen from Table I that Wergeland’s formula (3) 
gives a better estimate for the energy level distance at 
about 10 Mev than formula (1) since from experimental 
data (slow neutrons) follows that the level distance 
should be of the order of magnitude of a few ev.’ This 
is not surprising since one should expect better results 
from the liquid drop model than from the free particles 
model. 

Since the level density following from formula (1) 
is so much larger than that given by formula (3), it is 
of interest to repeat the calculations of Beskow and 
Treffenberg’ of the partition function of a nucleus at a 
temperature T=6/k, where 0=1 Mev. The partition 
function is given by the formula } 


T'=)g exp(—E/6), (4) 


where the summation must be extended over all ex- 
cited states and g is the statistical weight of the level. 


TABLE I. Energy level distances in ev for different 
values of A and E. 








\E 0.1 0.5 1 5 10 50 100 
AN. Mev Mev Mev Mev Mev Mev Mev 


50 105 5.10 2.10 100 1 10° 107% 
5.10! 5.10 3.10 1000 100 10* 10° 


510° 10% i¢* 
10 ic* i¢® 





100 5.10* 10 2000 0.5 
4.10 3.10 2.10 300 


150 3.10 3000 300 10-? ie? iG? Ke 
3.10 2.104 10* = 100 2 io* i0* 


200 2.10 1000 100 10* 10% 107 10-4 
2.10° 210 6000 40 OS 10° 10-7 


250 10 400 20 10-5 io 10% 10 
2.104 10 5000 20 0.2 ioe 10 








7 See e.g., H. A. Bethe and G. Placzek, Phys. Rev. 51, 450 
(1937). 
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TABLE II. Values of the partition function for 
different values of A. 











A 50 100 150 200 250 
logiol” 2.6 6.1 9.6 13.1 16.5 
logioI” 2.2 2.6 2.9 3.2 3.5 
B&T 3 6.5 10 13.5 17 








Formula (4) can be written in the form? 


rit f p(A, E) exp(—E/@)dE, (5) 


4/2 


where the 1 can be neglected in all practical instances. 
Using expression (1) for p(A, £), T is given by 


T= f ; (1/E(48)!) exp[r(2E/3A)!— E/E. (6) 


A/2 
The integrand varies very little up to its maximum 
which occurs for 


Emax= 7°0/6A, (7) 


and the integral is therefore in good approximation 
given by 
{ (1/E(48)*) exp[1(2E/3A)!— E/6]} £ = Emax 

X (Emax— 4/2), 


or, using Eqs. (2) and (7) and substituting numerical 
values: 


T'0.14 exp(0.16A), (8) 


which agrees very closely with the values plotted by 
Beskow and Treffenberg” (compare also Table IT). 
Using formula (3) on the other hand, we have 


[’= f 1.1447E-5/7 exp[0.942"E47—E/OdE. (9) 


A/2 
The maximum now occurs for 
Emax’ =0.5A?/2697/8 Mev, (10) 


and the integral is approximately equal to 
I’0.9A? exp(0.1A8), (11) 


which is much smaller than the I of Eq. (8), due to the 
fact that formula (3) gives a wider spacing of the levels. 
In Table II we have given the values of logioI’ and 
logioI” as calculated from Eqs. (8) and (11) for different 
values of A ; in the last row, we have inserted the values 
of logioI’ as given by Beskow and Treffenberg.? 

From Table II it is immediately seen that Beskow 
and Treffenberg have grossly overestimated the influ- 
ence of the excited states of the nucleus in calculating 
their partition function, using formula (1) for the energy 
level density. It remains to be seen whether this over- 
estimation will invalidate their conclusions as to the 
relative abundances of the chemical elements in the 
stellar models discussed by them,® but it might be 
worth while to reinvestigate this point and to recalcu- 
late their abundance curve, using I” instead of I’, and 
perhaps also using a different value for 0. 


8G. Beskow and L. Treffenberg, Arkiv f. Mat. Astr. 0. Fys. 
34A, No. 17 (1947). 
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Theory of the Formation of Powder Patterns 
on Ferromagnetic Crystals 
CHARLES KITTEL 


Bell Telephone Laboratories, Murray Hill, New Jersey 
October 6, 1949 


AGNETIC powder patterns or “Bitter patterns” are some- 
times formed on the surfaces of ferromagnetic crystals 
when a liquid suspension of fine ferromagnetic particles is placed 
on the crystal. Powder patterns are the most powderful tool 
available for the study of the nature of ferromagnetic domains,} 
yet there has not been an adequate discussion of the mechanism 
by which the powder particles coliect at domain boundaries to 
form the lines which are observed under the microscope. It is 
frequently said that the colloid particles collect in the regions in 
which the maximum inhomogeneity in the local magnetic field 
occurs. This is an inadequate statement, and in particular fails to 
account for the enhancement of some lines when a uniform mag- 
netic field is applied normal to the surface under examination, 
and the disappearance of other lines under the same conditions. 
The particles in the suspension are small enough so that they 
remain indefinitely in suspension. The particle distribution is ac- 
cordingly governed by the Boltzmann distribution law. The mag- 
netic energy of a particle of effective susceptibility x= (u—1)/4x 
in a field H is —}xH?V, where V is the volume of the particle. 
In thermal equilibrium the density of particles is given by 


p(H) = p(O)eX#*¥ /27, (1) 


where (0) is the density at a point for which H =0. It is seen that 
there will be a marked tendency for the particles to concentrate in 
regions in which H? is large. 

On the surfaces of crystals there are strong local fields of diverse 
origin. The fields of greatest interest are caused by long narrow 
strips of poles formed by the intersection of Bloch walls with the 
crystal surface. Suppose that the poles produce a magnetic field 
AH in their vicinity; we then apply from outside a uniform field H. 
The particle density over the line of poles will be greater than that 
in other places by the factor 


exp[[2H-AH-+(4H)*]xV/2kT]. 


When H is in the same direction as AH, the line is enhanced with 
respect to the density in the absence of the applied field; if H is 
opposite to AH, the line is weakened and may be made to disap- 
pear. The operation of this effect is beautifully illustrated by 
Fig. 17 in the paper by Williams, Bozorth, and Shockley.! 

In the absence of an external field it is necessary that (AH)?xV 
>>2kT for a well-defined line to collect. For magnetite spheres the 
effective susceptibility is essentially determined by the de- 
magnetizing factor and we have xz. We require, for particles 
of volume 10-® cc, 


| AH |>>[2kT/xV }'=[4x 10-8/10-2 3 
0.6 oersted, 


which may be expected to be exceeded near a Bloch wall. 
If the particles in the suspension are small enough to behave as 
single domains,’ that is, as small permanent magnets, then the 
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distribution law will be 
p(H) = p(0)[sinh(uH/kT)]/(uH/kT), (2) 


where yu is the magnetic moment of a particle. This relation is 
obtained by integrating the Boltzmann factor exp[uH cos@/kT ] 
over all solid angles. The effect of an applied field is exhibited in 
some cases by this density function, although in a less striking 
manner. In the colloidal suspensions employed in practice the 
particle size is relatively large, so that distribution law (1) is 
applicable. An account of other aspects of the theory will be found 
in reference 3. In the derivation of both distribution functions 
we have neglected field inhomogeneities over the volume of a 
single particle, the effects of mutual interactions among the 
particles, and the reorientation of spins in a wall under the action 
of the external magnetic field. These approximations are not likely 
to change the general nature of the results. 


1 Williams, Bozorth, and Shockley, Phys. Rev. 75, 155 (1949); H. J. 


Williams and W. Shockley, Phys. Rev. 75, 178 (1949). 
2C. Kittel, Phys. Rev. 70, 965 (1946). 
3C. Kittel, Rev. Mod. Phys. 21, 541 (1949). 





Nuclear Moments of Mg?® 
M. F. Crawrorp, F. M. KE Lty,* A. L. SCHAWLOw,** AND 
WV. M. Gray*** 
McLennan Laboratory, University of Toronto, Toronto, Canada 
October 3, 1949 


T= Mg I lines 5184, 5173, and 5167A (353) *P%, 1, o— 354s 3S) 
and the MgII resonance line 2796A (3s 2S1;2—3p ?P%)2) 
have been excited in an atomic beam light source and their hyper- 
fine structures resolved with a Fabry-Perot etalon. The structures 
show that for Mg*® I=5/2 and the nuclear magnetic moment is 
negative and equal to —0.96+0.07 nuclear magnetons. 

The line 5167A (3s3p *Po— 3s4s 3S;) was studied with 21-, 54, 
and 73-mm etalons. The interferometer plates were coated with 
evaporated silver! to give a reflectivity of 80 percent and a trans- 
mission of 17.5 percent in the green. The 21-mm etalon patterns 
showed no structure. The 54-mm patterns showed two weak com- 
ponents which are assigned to Mg”, a strong component due to 
Mg, and indications of a component due to Mg?6 very close to 
Mg™. The separations of the Mg** components relative to the 
Mg™ components are +0.0303+0.0004 and —0.0341-+0.0006 
cm™! where the positive sign indicates a higher wave number. 

For all three lines the Mg** and Mg?* components were resolved 
with « 73-mm etalon in which the silver films had a 90 percent 
reflectivity. The separations of the Mg?* component relative to the 
Mg™ component are —0.0138+0.0003, —0.0122+0.0015, and 
—0.0138+-0.0004 cm™ for the lines 5167, 5173, and 5184<A, re- 
spectively. As predicted by the specific mass effect, the isotope 
shifts in all three lines are equal within the assigned errors. 

The resolution of the Mg* and Mg®* components in 5167A 
permits an accurate determination of the center of gravity of the 
three components due to Mg*5, on the assumption that it is mid- 
way between the Mg™ and Mg** components. Thus the interval 
rule can be used to determine the I value. The separations of the 
two Mg** components, measured in the 54-mm pattern, from their 
center of gravity are —0.0272 and +0.0372 cm“. The ratio of 
these separations is 1.37+0.07. This ratio should be 1.40 for 
I=5/2 and 1.29 for [=7/2. Thus the spin of Mg** is 5/2 and the 
inverted splitting of *S; shows that the magnetic moment is 
negative. 

The over-all separation of the Mg®* components, 0.0644+0.0010 
cm, is equal to 6A (251), where A (8S;) is the h.f.s. interval factor. 
Thus A(#S;)=0.0107 cm™, and gives u(Mg**)=—0.97+0.05 
n.m. by the method used for P IV by Crawford and Levinson.? 

The line 2796A (3s *Si;2—3p ?P3/2) was studied with 21-, 30-, 
and 50-mm etalons using aluminum coated plates with reflec- 
tivities of 80 percent. The 21-mm pattern showed a strong com- 
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ponent due to Mg™ and a weak component +0.095 cm™ from the 
Mg™ component. The 30-mm pattern showed the weak component 
resolved into two, the stronger of which had the higher frequency. 
The separations of these from the Mg™ component are +-0.1021 
+0.0004 and +0.0786+0.0007 cm. The stronger is assigned to 
Mg” and the weaker is one of the two components expected from 
Mg**. The 50-mm pattern indicated a faint component on the high 
frequency side of the strong component which in this pattern 
arises from an overlap of the Mg* and Mg** components in ad- 
jacent orders; but its position could not be accurately measured. 

The ratio of the intensities of the Mg®* component and the 
neighboring Mg” component, corrected for their mutual influence 
and the background due to Mg™, was measured from the 30-mm 
pattern and is 1.7+0.2. The assigned error is large because the 
background intensity due to Mg* is comparable to the intensity 
of both the Mg” and Mg?* components. Using the known relative 
abundances? of the isotopes and the intensity formula, values of 
this ratio can be predicted for both positive and negative moments 
and various I values. For a negative moment and I=1/2, 3/2, 
5/2, and 7/2 the predicted values are 1.49, 1.78, 1.91, and 1.99, 
respectively. Positive values of the moment give ratios greater 
than 2.55. Thus the measured value confirms a negative magnetic 
moment. It is not sufficiently accurate to determine I, but is 
compatible with I= 5/2. 

If the center of gravity of the Mg** components is assumed to be 
midway between the Mg* and Mg?* components the interval 
factor of 2S1/2 of Mg II can be evaluated and used to calculate the 
magnetic moment. The position of the Mg** component, corrected 
for the influence of the Mg** component, relative to the center of 
gravity is 0.0274+0.0015 cm™. For I=5/2 this separation gives 
@3,= 0.0231 cm when allowance is made for the small structure 
of *P3/2. u(Mg*») = —0.93+0.05 n.m. is obtained from a3, by the 
Goudsmit formula.‘ However, the uncertainty in u would be in- 
creased to 10 percent if the assumed position of the center of 
gravity is in error by 0.001 cm™. 

The values of the magnetic moment determined from the h.f.s. 
splittings of *S; of Mg I and *S1/2 of Mg II agree within the as- 
signed errors. The weighted mean is —0.96+0.07 nuclear mag- 
netons. The Fermi-Segré® correction has been applied and the 
effect of the finite size of the nucleus®’ is negligible. 

The spin and the negative sign of the magnetic moment agree 
with the predictions of the shell structure in nuclei. The mag- 
nitude of the magnetic moment falls near the average curve for 
similar nuclei in a Schmidt diagram,® but as for most of these 
nuclei it does not agree with the value predicted by an individual 
particle model. 

* Holder of a fellowship from the National Research Council of Canada. 

** Now at Columbia University, New York, New York. 

*** Holder of a fellowship from the Research Council of Ontario. Now at 
the University of Reading, Reading, England. 

1S. Tolansky, Multiple Beam Interferometry of Surfaces and Films (Ox- 
ford University Press, New York, 1948). 

2M. F. Crawford and J. Levinson, Can. J. Research a. 156 (1949). 
3 J. R. White and A. E. Cameron, Phys. Rev. 74, 991 (194 
4S. Goudsmit, Phys. Rev. 43, 636 (1933). 
5 EK, tg and E. Segré, Zeits. f. Physik 82, 729 (1933). 
4, Rosenthal and G. Breit, Phys. Rev. 41, 459 (1932). 
rar: Crawford and A. L. Schawlow, Phys. Rev. 76, 1310 (1949). 


or Feenberg and K. C. Hammack, Phys. Rev. 75, 1877 (1949). 
9L. W. Nordheim, Phys. Rev. 75, 1894 (1949), 





Nuclear Moments of.39Y °° 
M. F. CRAWFORD AND N. OLSON 


McLennan Laboratory, University of Toronto, Toronto, Canada 
October 3, 1949 


INES in the first, second, and third spectra of yttrium have 
been examined for hyperfine structure,!~ but none has been 
observed. The only result obtained from these investigations was 
that the magnetic moment of »Y* is small. From_the observed 
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half-width, 0.1 cm, of the Y III resonance line 2817A (5s 2S1/2 
—5p?P3/2) Wittke® estimated an upper limit of 0.05 cm™ for 
the h.f.s. splitting of 5s 2S1/2, and from this calculated »<0.1 n.m., 
on the supposition that I=}. 

In the present investigation, the Y III resonance line 2817A 
(5s 2S1j2—5p *P3/2) has been resolved into two components. The 
observed intensity ratio is 3:1, and the fainter component is of 
lower frequency. Thus I=4$, and the magnetic moment is nega- 
tive. The magnetic moment calculated from the observed separa- 
tion of the two components is .= —0.14 n.m. 

The Y III spectrum was excited in the electrodeless discharge 
described by Crawford and Levinson.’ YCI; was introduced into 
the quartz discharge tube. The tube was then evacuated, and 
argon admitted. The pressures used were in the range of 0.1 to 
1.0 mm Hg at room temperature (26°C). Gaseous impurities in 
the discharge tube were removed by calcium shavings placed in a 
side branch. Graded seals connected the discharge tube to the 
pumping system, and liquid air traps placed between the stop- 
cocks and the discharge tube prevented contamination by vapors 
from the stopcock grease. The discharge tube, with the exception 
of the windows, was immersed in liquid air. Even with liquid air 
cooling the Y IIT lines were easily excited. 

The structure of 2817A was resolved with a 3-cm Fabry-Perot 
etalon, with aluminum coated plates. The etalon was placed be- 
tween the collimator and the dispersing prism of the spectro- 
graph, which had an F’/4 off-axis paraboloidal mirror as the camera 
objective. The structure of the other resonance line of Y III could 
not be measured because an argon line was superimposed on it. 

The effects of different excitation conditions and argon pres- 
sures on the half-intensity width and the intensity of the compo- 
nents were studied. It was possible to obtain half-widths of 0.05 
cm7! with intensity adequate to give in a two-hour exposure a 
photographic density suitable for accurate intensity measure- 
ments. The plates were calibrated for intensity measurements by 
the step-slit continuous spectrum method. The intensity ratio of 
the two components was found to be independent of excitation 
conditions and argon pressures. Thus the structure observed 
must be h.f.s. 

The separation of the components, when corrected for their 
small overlap as determined from the analysis of the intensity 
contours, is 0.060+-0.005 cm™. This separation is very nearly 
equal to the difference between the splittings of the #Si/2 and 
2P3/2 levels. A calculation shows that the splitting of the *P3/2 
level is 1/15 that of the 21/2 level. Therefore the #512 splitting is 
0.064+0.005 cm=!. The magnetic moment calculated from this 
separation by the Goudsmit formula,* with a Fermi-Segré correc- 
tion,” is 4=--0.14 n.m. The correction for the finite size of the 
nucleus? is negligible compared to the experimental error in u. 

The spin and the sign of the magnetic moment of sY** are 
consistent ‘with the predictions of the single particle model*™ 
for a configuration in which 50 neutrons form closed shells and the 
last 5 protons‘are in the 3p shell. Thus one concludes that at 
Z=39 the 2s and 3 proton levels have not crossed. The magnitude 
of the magnetic moment of 3Y®* is in fair agreement with that 
predicted for the single particle model, and is additional evidence 
that the observed and predicted magnetic moments are in much 
better agreement for nuclei with completed shells plus or minus 
one proton, or plus or minus one neutron than for other nuclei. 
Pb*°7 and Bi? are the two outstanding exceptions and they are 
adjacent to the radioactive elements. 
1H. Schiiler and T. Schmidt, Naturwiss. 22, 838 (1934). 
2D. T. Williams and L. P. Graneth, Phys. Rev. 54, 338 (1938). 


3H. Wittke, Zeits. f. em: 116, 547 (1940). 

4P. G. Kruger and C. N. Challacombe, Phys. Rev. 47, 509 (1935); 48, 
111 (1935). 

5M. F. Crawford and J. Levinson, ror J Research A27, 156 (1949). 

6S. Goudsmit, Phys. Rev. 43, 636 (193 

7 E. Fermi and E. Segré, Zeits. f. Peat 83, 729 (1933). 

@ M. F. Crawford and A. Schawlow, Phys. Rev. 76, 1310 (1949). 

SE. ile and K. C. Hammack, Phys. Rev. 75, 1877 (1949). 

10 LL, W. Nordheim, Phys. Rev. 75, 1894 (1949). 

11 Maria G. Mayer, Phys. Rev. 75, 1969 (1949); Haxel, Jensen, and 
Suess, Phys. Rev. 75, 1766 (1949). 
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The Nuclear Spin of He* 


A. E. DouGias AND G. HERZBERG 


Division of Physics, National Research Council of Canada, 
Ottawa, Canada 


October 5, 1949 


HE nuclear g-factor of He* has been determined by Anderson 
and Novick! by means of the nuclear magnetic resonance 
method. Assuming a nuclear spin of 3, they obtained for the 
nuclear magnetic moment the value 2.131 n.m. Even though the 
spin value } appears most probable, to our knowledge no experi- 
mental determination of this quantity has yet been made. Since 
at least in one important case, that of B'°, a direct determination 
of the spin? has led to a value widely different from the one ex- 
pected from theory, it appears to be of interest to determine the 
spin of He* unambiguously. 

We have determined the spin of He* from the intensity alterna- 
tion in the band spectrum of the He,’ molecule. An 88 percent 
sample of He* was excited by a slightly condensed discharge 
through a small Geissler tube. The spectrum was taken in the 
first order of a 21-foot grating and exhibited several Hee bands. 
The band chosen for more detailed measurements is the one at 
6400A representing a *2*+,—*II,-transition. It involves only low 
lying states which are not likely to be perturbed or affected by 
l-uncoupling. The triplet spliting is negligible. Figure 1 reproduces 
the photometer curve of part of the P branch showing clearly the 
intensity alternation. A relative intensity scale obtained by means 
of a rotating sector is indicated at the left. It can be seen from 
Fig. 1 that the intensity ratio of successive lines is approximately 
3:1. Actual measurement of the original record (using several 
groups of three successive lines and determining the ratio of the 
mean of the two outer ones to the central line of each group) gives 
the intensity ratio 2.8:1. Semiquantitative evaluations of other 
bands also give ratios close to 3:1. The theoretical ratios for the 
spins 4, 1, and $ are 3:1, 2:1, and 1.67:1 respectively. The 
nuclear spin of He’ is therefore unequivocally established to be 3, 
in agreement with theoretical predictions. The nuclear spin of 
He? is thus the same as that of H® recently determined from the 
hyperfine structure of the magnetic resonance spectrum by Nelson 
and Nafe’ and from the intensity alternation in H2’ by Dieke and 
Tomkins.‘ 

In the 6400A band of Hee‘ the lines with odd K are missing in 
the P and R branch (since the nuclear spin is zero and since He‘ 
follows Bose statistics). In the corresponding He;* band the lines 
with odd K are the strong ones (see Fig. 1) showing that the He* 
nuclei follow Fermi statistics, in agreement with expectation for a 
nucleus consisting of an odd number of nucleons. 

As shown by Fig. 1 the lines of He*He‘ also appear in the spec- 
trum. In agreement with expectation there is no intensity alterna- 
tion in the He*He‘ band. 

We are greatly indebted to the U. S. Atomic Energy Commis- 
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Fic. 1. Photometer curve of a portion of the P branch of Hes’ and He*He+. 
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sion for the loan of the He* and to Dr. W. B. Lewis, Director of 
the Chalk River Laboratory, for arranging for this loan. 


1H. L. Anderson and A. Novick, Phys. Rev. 73, 919 (1948). 
i Ring, and Burg, Phys. Rev. 74, 1191 (1948). 

> and J. E. Nafe, Phys. Rev. 75, 1194 (1949). 
iC . Dieke and F. S. Tomkins, Phys. Rev. 76, 283 (1949). 





Inversion Spectrum of Ammonia 
A. H. SHARBAUGH, T. C. MADISON, AND J. K. BRAGG 


General Electric Research Laboratory, Schenectady, New York 
October 6, 1949 


HIRTY-SEVEN previously unreported ammonia absorp- 

tion lines have been measured and identified. A Stark- 
modulation spectrograph with a one-foot absorption cell was used 
at room temperature with a modified 2K-33 tube! as the source. 
The assignments were made on the basis of the line intensities 
and a new empirical formula. The frequencies of the lines together 
with their assigned rotational quantum numbers are given in 
Tables I and II. The frequencies reported for the NH; lines are 


TABLE I. N'4H; absorption lines. TABLE IJ. N'!5H;3 absorption lines. 











Frequency Assignment Frequency Assignment 
(mc/sec.) +0.1 (J, K) (me/sec.) +0.5 (J, K) 
16798.3 9,5 17097.2 7,3 
16841.3 3 17548.4 9,6 
17291.6 qoa 17855.3 8,5 
17378.1 8, 4 17943.4 6, 2 
18017.6 aoa 18258.8 7,4 
18127.2 12,9 18788.2 6, 3 
18162.6 11,8 19387.5 5,2 
18178.0 13, 10 19702.1 8,6 
18285.6 10, 7 19708.2 9,7 
18313.9 14, 11 19793.4 7,5 
18391.6 6,1 19810.8 10, 8 
18499.5 9,6 19984.6 6,4 
18535.1 15, 12 20009.9 11,9 
18808.7 8, 5 20131.6 4,1 
18842.9 16, 13 : 20272.3 a3 
18884.9 6, 2 20683.0 4,2 
19838.4 = 26243.0 9,9 
21818.1 14, 11 
23777.4 16, 14 
24680.1 #7, 1S ° 











accurate to about +0.1 mc/sec.; and those for NH; to about 
+0.5 mc/sec. The experimental error of the N'*H; lines is deter- 
mined by the fact that this isotope concentration is only 0.38 
percent in unenriched ammonia as used in this study. 

On the basis of the increased number of accurately measured 
lines now available, a new empirical formula 


y(mc/sec.) = 23785.8— 151.450] (J-+1)+211.342K? 
+0.503027J2(J-+1)*— 1.38538) (J+ 1) K?-+0.949155K* 
—0.001259997J(J + 1)*+-0.005182367/2(J +1)*K? 
—0.007088534J (J+ 1)K*+0.003210437K*, (1) 


given in Eq. (1), has been developed which includes sixth power 
terms in contrast to the older fourth power expressions. (See 
for example, references 2 and 3.) To gain some idea of the improve- 
ment in the prediction of new absorption frequencies, the posi- 
tions of all the currently available assigned lines*~* were computed 
with the empirical expressions of references 2 and 3 as well as with 
the sixth power expression given here. The average deviation from 
experiment was found to be 45, 26, and 7 mc/sec., respectively, for 
the empirical equations of references 2, 3, and the present sixth 
power one. 

The authors gratefully acknowledge the assistance of Miss 
Virginia G. Thomas and Mrs. Dorothy M. Hoffman in the com- 
putational work involved in developing the empirical formula. 

1See A. H. Sharbaugh and J. Mattern, Phys. Rev. 75, 1102 (1949). 

2 Strandberg, Kyhl, Hillger, and Wentink, Phys. Rev. 71, 326 (1947). 


3 J. W. Simmons and W. Gordy, Phys. Rev. 73, 713 (1948) 
4W. E. Good and D. K. Coles, Phys. Rev. 71, 383 (1947). 
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The Optical Properties of Semiconductors. I. The 
Reflectivity of Germanium Semiconductors 


K. LarK-Horovitz AND K. W. MEISSNER 
Purdue University, West Lafayette, Indiana 
October 3, 1949 


N recent years it has been possible to prepare semiconducting 
alloys of germanium with known number of carriers of pre- 
dictable sign.1 The electrical behavior of these semiconductors 
is determined by the number and type of impurity centers and it 
was therefore of great interest to investigate also the optical 
properties of such materials. The reflectivity of silicon of inde- 
terminate origin has been investigated before.? 

Germanium alloys, both of the N type (electron conductor) and 
P type (hole conductor) have been selected. Two of these samples 
had a small number of carriers (~10'*/cm*) whereas the other two 
samples had high impurity content (~5.10!8/cm*) and form a 
degenerate electron gas at low temperatures.’ 

In the range from 0.6u to 12u a rock salt spectrometer was used. 
A Nernst filament held in a water jacket provided with a suitable 
window was the radition source. The radiation was focused by a 
concave aluminum mirror onto the sample from which it was re- 
flected to another concave aluminum mirror which finally focused 
it on the entrance slit of the spectrometer. The semiconductor 
sample was mounted in exactly the same plane as a comparison 
aluminum mirror. The reflectivity was determined for various 
settings of the spectrograph by the intensity measured with a 
sensitive thermocouple and galvanometer, expressed in terms of 
the reflectivity of the aluminum mirror‘ (deposited by evaporation 
on an optical flat). The semiconductor samples were optically 
polished and their flatness determined by interference methods. 
Between 0.6u and 0.8u the reflectivity of all the samples is be- 
tween 47 percent and 51 percent.® The reflectivity then decreases 
and remains almost constant about 35 percent up to about 40u. 
From this reflectivity value the dielectric constant was calculated 
to be about 16 in agreement with the value necessary to calculate® 
resistivity due to impurity scattering in the material. 

In the range from 8.74 to 152u the method of residual rays was 
used in a form similar to the one described by J. Strong.’ The 
radiation source was a globar heating element enclosed in a water- 
ceoled jacket and specially prepared thermocouples with sensitive 
galvanometers were used for the measurements of radiation in- 
tensities. The samples were held on a rotating disk provided with 
12 circular openings. One of these openings holds an aluminum 
mirror for relative reflection measurements. In the residual ray 
apparatus it was possible to select radiations from the incident 
continuous radiation at 8.74, 20u, 30u, 414, 52u, 1174, and 152. 


TABLE I. Reflectivity of germanium semiconductors 
in the infra-red in percent. 








Resistivity 
type at ~20°C 8.7 20u 30u 4ip S52u 117 1524 





0.00SAcm 35.4 33.8 33.2 40.3 53 79 46 
type 0.5Acm 37.3 41.0 36.7 38.5 38 41 36 
0.006Acm 36.5 34.5 30.6 29.0 29 81 50 
-type ~3Acm 37.2 37.2 37.2 38.5 38 34 39 








Table I gives a summary of the results obtained for the various 
wave-length for the different samples. 

It can be seen that the highly conducting samples 1 and 3 show 
a high reflectivity at 1174 which decreaSes again at 152y, but is 
still considerably higher than the reflectivity of the high resistance 
samples which remains essentially constant through the whole 
wave-length range. Systematic investigation of low resistance 
samples also as a function of temperature is under way now. 

Experiments have also been carried out with silicon samples 
of various impurity content and the results agree with earlier 
investigations. Of particular interest is the reflectivity of silicon 
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samples which have been heat-treated and which show a definite 
indication of the formation of a silicate layer on the surface. This 
investigation will be discussed in detail somewhere else. 


1K. Lark-Horovitz, ‘‘Preparation of semiconductors,” NDRC report 
14-585 (1945). 

2 Forsterling and S. Freedericksz, Ann. d. Physik 40, 201 (1913); Inger- 
soll, Astrophys. J. 32, 286 (1910); Pfesdorf, Ann. d. Physik 81, 906 (1926). 

3V. Johnson and K. Lark-Horovitz, Phys. Rev. 71, 374, 909 (1947). 

4 The reflectivity for such aluminum mirrors is 90 percent at 0.64 and 
increases between 24 and 91y regularly from 97 percent to 99 percent as 
verified by measurements of K. B. Hunt in this laboratory (M.S. thesis, 
Purdue (1945)). 

5 For a germanium film H. M. O’Bryan (I.0.S. 26, 122 (1936)) has found 
in the visible a reflectivity of about 36 percent. This checks with recent 
observations by V. Bottom in this laboratory who found for a film deposited 
on a plate of optically polished fused silica 37 percent whereas the reflec- 
tivity as determined from the optical constants for bulk material was 
found to be 45 percent using sodium light. However, measurements by 
J. Thornhill in this laboratory indicate that germanium films may show the 
ordinary structure of the bulk material, but their mobility as determined 
from Hall effect and conductivity is too small by a factor of 1000, indicating 
the presence of electron traps. 

6 K. Lark-Horovitz and V. A. Johnson, Phys. Rev. 69, 258 (1946). 

7 J. Strong, Phys. Rev. 37, 1565 (1931); K. W. Meissner and K. B. Hunt, 
Research Report OPRD-WPB-74 (1945). 





Optical Properties of Semiconductors. II. Infra-Red 
Transmission of Germanium* 
M. BECKER AND H. Y. FAN 


Purdue University, West Lafayette, Indiana 
October 3, 1949 


HE extinction coefficient & of germanium for infra-red light 
has been determined by previous measurements! up to 
about 1.2y. For silicon, values of & are given by Ingersoll’s? 
measurements up to 2.25y. All previous measurements on the 
optical constants of these materials were made either using re- 
flected light or using light transmitted through a thin film of the 
material. Properties of thin films are often not the same as those 
of the bulk material. (See I.) Light reflection depends upon the 
surface condition. It is therefore preferable, wherever possible, to 
use light transmitted through bulk samples for the determination 
of optical constants of the material. 

We have found that bulk material of germanium as thick as 
several cm gives appreciable transmission over broad regions of 
the infra-red spectrum. 

Transmission measurements on bulk germanium samples were 
made with a Gaertner rocksalt monochromator using a Western 
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Fic. 1. Percentage transmission of high resistivity Ge as a function of 
wave-length for various thicknesses. The 1.5-cm sample is from melt 43 Y; 
the others are from melt 43 F. 





dit 


e 
a 





nite 
This 


iger- 
26). 


and 
t as 
esis, 


und 
sent 
ited 
lec- 
was 


the 


ned 
ing 


int, 





LETTERS TO THE EDITOR 1531 





& 
ie 


gs 

Pd i 
¥ il 
> 


2.04 (.2) 









8 


L9u (76) - 


Leu (3.2) 






PERCENT TRANSMISSION 
| 























=e Ly (13.6) 
Pa MELT 43F (=6.0cM 

- 

— h 1.654 (41) 
3°26 6477 346 


THICKNESS IN MM. 


Fic. 2. Percentage transmission of germanium as a function of thickness 
for various wave-lengths. The figures in the parentheses give the absorption 
coefficient in cm~! for each wave-length. 


Union concentrated arc, or a Nernst glower as light sources, and a 
vacuum thermopile as detector. Curves for three samples of 
different thicknesses, 0.26 mm, 0.77 mm, and 3.45 mm, of N-type 
germanium from the same melt are shown in Fig. 1. The samples 
are single crystals with reistivity of about 5 ohm cm.® Figure 2 
gives the logarithm of percentage transmission plotted against 
sample thickness for different wave-lengths. To determine the 
absorption coefficient from transmission measurements it is 
necessary for the samples to have the same reflecting power R. 
To insure this both surfaces of the samples were optically polished. 
It is seen from Fig. 2 that at wave-lengths where the absorption 
is small and the transmission is determined primarily by surface 
reflections, there is no irregular variation of transmission for the 
different samples. This shows that the surfaces of the samples as 
prepared do have nearly the same reflecting power. 
If the transmitted light is given by 


I/Ip=(1—R)*e-@, 1=thickness of material, 


then ¢ and R are determined from the slope and intercepts of the 
straight lines in Fig. 2. However, when the transmission is high, 
multiple reflections ot both surfaces have to be taken into account. 
Starting from known formulas‘ and taking into account the finite 
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Fic. 3. Absorptivity of germanium as a function of wave-length for differ- 
ent resistivities. The curve for 43 Y is drawn assuming the same reflectivity 
as the other melts since only one thick piece was available. 


width of the spectrum used in the measurement of each point, it 
can be shown that 


T/To=[(A—RY-+4R sintx /(e""— Re“), 


where x= tan~[2k/(n?+%2—1)], n being the index of refraction. 
The term involving x is negligible in the range of our measure- 
ments. Using this expression to analyze the experimental data we 
find that the reflecting power R=0.35 (in agreement with results 
in I), is constant within the spectrum covered by our measure- 
ments. The absorption coefficient, e=4akv/c, is plotted in Fig. 3. 

The absorption increases rapidly for wave-lengths below 2y. 
For measurements below 1.6 much thinner samples have to be 
used. For wave-lengths above 2 the absorption is so small that 
much thicker samples, i.e., several cm, should be used for ac- 


* curate measurement. A single crystal 15 mm thick was cut from 


a melt of about the same resistivity, 5 ohm cm. The transmission 
curve for this sample is included in Fig. 1 and the absorption 
coefficient, calculated using R=0.35, is given in Fig. 3. The ab- 
sorption coefficient curves for the two similar melts agree in shape 
and in order of magnitude. The discrepancy may be due to in- 
accuracy on account of insufficient thickness of samples used. 

Similar measurements were made on samples from a melt of 
much lower resistivity, 0.015 ohm cm. These samples are poly- 
crystalline with 2 or 3 grain boundaries in the light beam. The 
curve of absorption coefficient is also shown in Fig. 3. The absorp- 
tion is seen to be higher than that of high resistivity single crystal 
samples. The reflecting power is constant for the spectrum covered 
and is the same, R=0.35, as for the high resistivity samples. 

* Signal Corps Contract W36-039-sc-38151; Progress Report (February, 
May, 1949). A summary of this work was presented at the Ad Hoc Crystal 
Meeting at M.I.T. (June, 1949). 

1W. H. Brattain and H. B. Briggs, Phys. Rev. 75, 1705 (1949). 

2L. R. Ingersoll, Astrophys. J. 32, 286 (1910). 

3 The authors wish to thank Mr. W. E. Taylor for preparing the single 


crystal, high resistivity melts. 
4R. B. Barnes and M. Czerny, Phys. Rev. 38, 338 (1931). 





Optical Properties of Semiconductors. III. 
Infra-Red Transmission of Silicon* 
M. BECKER AND H. Y. FAN 


Purdue University, West Lafayette, Indiana 
October 3, 1949 


IKE germanium, bulk silicon also shows appreciable trans- 
mission in the infra-red. This can be directly demonstrated 
photographically since high transmission begins at 1.04. Type J-Z 
photographic plates are sensitive to 1.34. Spot images of a parallel 


. light beam can be photographed on such plates through a piece 


of silicon 0.3 mm thick in a few seconds of exposure. (In the case 
of germanium, high transmission begins at 1.6u, beyond the sensi- 
tivity of the plates. Thirty-six hours of exposure through ger- 
manium does not affect the plate at all.) 

Using basically the same experimental arrangement described 
in the companion letter on germanium, transmission measure- 
ments were made on low resistivity (o=0.03 ohm cm) P-type 
silicon from liquid air temperature to 380°C. The reflecting power 
deduced from these measurements is constant for the spectral 
region covered: R=0.27, in agreement with earlier measurements 
by K. Lark-Horovitz and K. W. Meissner. Figure 1 shows the 
absorption curves for different temperatures. The absorption is 
seen to decrease with decreasing temperature over the entire 
spectrum covered by the measurements. The values of extinction 
coefficient obtained by Ingersoll! are several orders of magnitude 
higher than our results. This may very well be due to the fact 
that the material used in these early experiments was very impure. 
For instance, germanium strongly doped with aluminum (~0.005 
ohm cm) shows absorptions at least several orders of magnitude 
higher than the data presented in the companion letter. 
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Fic. 1. Temperature dependence of the infra-red absorptivity of 
low resistivity silicon as a function of wave-length. 


The sharp increase of absorption for both germanium and silicon 
toward short wave-lengths is apparently due to quantum transi- 
tions from the filled to the conduction band. The energy gap be- 
tween these bands as determined from intrinsic conductivity 
measurements is about 0.76 ev for germanium and about 1.1 ev 
for silicon. The absorption band is then expected to begin at 
about 1.64 and 1.1, respectively. Our measurements show that at 
room temperature absorption begins to rise at about 2 for 
germanium and at about 1.2, for silicon. The results for silicon 
shown in the figure indicate a definite temperature dependence. 

For wave-lengths longer than required for excitation between 
bands absorption can be caused by free electrons and holes. Such 
absorption can be calculated according to the Drude-Zener theory 
which gives the conductivity 


o(v) =nkv=[y7*/(¥-+7) Joo, 


where gp is the d.c. conductivity, and ¥ is related to the mobility, 
b, by 
y=e/2xmb, 


n being the number of carriers. 

The values of b for the samples used were determined by Hall 
effect and resistivity measurements. The absorption so calculated 
is only about one-tenth of the observed values for silicon. For 
germanium the calculated absorption is two to three orders of 
magnitude too small. This fact has yet to be explained. 


* Work supported by the Signal Corps. 
1L,. R. Ingersoll, Astrophys. J. 32, 286 (1910), 





Protons from the Bombardment of He* 
by Deuterons* 
L. D. Wyty,** V. L. SatLor,*** anp D. G. Ott 


Sloane Physics Laboratory, Yale University, New Haven, Connecticut 
September 26, 1949 


HE He'(d, »)He* reaction has long been a tantalizing gap in 
experimental studies of nuclear transmutations. The ex- 
pected Q-value for the reaction can be calculated from the masses 
of the particles, and is 18.368-+0.042 Mev according to the mass 
tables of Bainbridge.! This is larger than any other known Q-value 
for a d, p reaction. Recently Hatton and Preston* observed the 
reaction at 90° and found a single group of protons which had 
approximately the expected range. They found no excited states 
of Het. 
A study of He*(d, )He* has been made at Yale University using 
a 1.13-cm’ sample of helium gas containing 88 percent He® and 
12 percent He‘.t The objectives of this study were to determine 
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the angular distribution of the proton yield, to search for excited 
states of the He‘ nucleus at several angles, and to determine ex- 
perimental Q-values for the reaction by measuring the ranges of 
the emitted protons. Comparison of the experimental Q-value with 
the calculated Q-value gives an experimental point on the range- 
energy curve for high energy protons. 

The apparatus used in the experiment is shown in Fig. 1. The 
deuteron beam was collimated by two 3-in. holes and approxi- 
mately 0.03 ya entered the helium target through a calibrated 
aluminum foil. The mean beam energy in the target was 3.17+0.05 
Mev. The thickness of the aluminum chamber wall was 1587 
mg/cm? which was thick enough to stop protons from all reactions 
except those from He*(d, »)He*. Protons from the target could be 
observed at any angle from 0° to 130°. A description of the spec- 
trometer apparatush as been given previously.* The solid angle 
presented by the counter aperture corresponded to the Livingston 
and Bethe? criteria for “good geometry.” 

The proton yield was large indicating an exceptionally large 
reaction cross section. Curves of yield vs. total absorption were 
obtained at 0°, 45°, and 90°. Two typical curves obtained at 0° are 
shown in Fig. 2. Curve A was taken with the discriminator set to 
accept all pulses slightly larger than noise. For curve B the dis- 
criminator was adjusted so that only the largest pulses would 
record. Curves of type A were used to determine the extrapolated 
range at each angle. The extrapolated range was converted to 
mean range according to the procedure outlined by Livingston and 
Bethe,‘ account being taken of the fact that a small part of the 
absorbing path was in air and the remainder in aluminum. The 
proton energy was obtained from the mean range by using the 
range-energy curves of Bethe.5 Table I lists for each angle the 
corrected mean ranges, the proton energies, the experimental 
Q-values and the proton energy expected from the 18.368-Mev 
Q-value. The proton ranges taken with the calculated proton 
energies give experimental determinations of the proton range- 

energy relation. These points agree with the range-energy curve 
of Bethe to within +1 percent, which is the precision of the 
experiment. 


TABLE I. Summary of experimental ranges, proton energies, and Q-values 
for He3(d, p)He* compared with expected proton energies calculated from 
Q =18.368 Mev. 

















Calculated 
Angle of Mean Proton Experimental proton 
observa- range energy energy 
tion (cm) (Mev) (Mev) (Mev) 
o° 423+5 20.6 +0.17 18.45 +0.17 20.53 
45° 367 +6 19.2 +0.2 18.5 +0.2 19.08 
90° 269 +6 16.1 +0.2 18.5 +0.2 15.96 
Proportional 
APPARATUS FOR OBSERVING Counter 
PROTONS FROM HeP(d,plHe* ——Atuminum Y 
Absorbers 


oo NS 


Target 


ALumi num Foil 
over 1B” Hole _ 


V8" Hole 
022 Inch 


Aluminum 


WaLL 








0 ! 2 
SCALE IN INCHES 


Fic. 1. Target chamber and counter. The target chamber was constructed 
from an aluminum cylinder; only two gaskets were necessary. Counter and 
absorbers could be rotated about target so > protons from the target 
could be observed at any angle from 0° to 130 
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Fic. 2. Proton yield curves for 0° observations. Curves A and B were 
taken with different settings of sary height discriminator. The total ab- 
sorption is in cm air-equivalent but 26 cm must be added to account for 
variation in stopping power of aluminum with energy. 


At each of the three angles of observation only one group of 
protons was found. If any other groups are present in the range of 
absorption studied, their yield is less than 6 percent of the yield of 
the observed group. Thus no excited states of He‘ lying between 
ground and 11.4 Mev were produced by the reaction in amounts 
of as much as 6 percent. 

The angular variation of the proton yield was studied at 15° 
intervals from 0° to 120° with a bombarding energy of 3.17 Mev. 
At each angle the absorption was set to give the maximum yield. 
The data were corrected to account for geometrical peculiarities 
of the chamber including the curvature of the chamber wall. 
This latter correction proved difficult to evaluate and introduces 
an uncertainty in the results of as much as 25 percent between the 
extreme cases of 90° and 0°. The corrected data were transformed 
to the center of mass system using the usual conversion factors 
for angle and solid angle. The experimental results are plotted as 
circles in Fig. 3, in which the yield at each angle has been normal- 
ized to the 90° yield and the angle is transformed to the center of 
mass system. A rough fit to the points is given by the curve which 
is of the form 1.22+0.60P.+0.23P,, where Pe and P, are the 
respective Legendre polynomials. It is apparent that the distribu- 
tion is not isotropic. The yield at 0° is more than twice the yield 
av. - | 

We would like to express our gratitude to Professor E. C. 
Pollard, who first proposed the problem and who made the nec- 
essary arrangements for performing the experiment. We are also 
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Fic. 3. Angular distribution of proton yield in center of mass system. 
The deuteron energy was 3.17 Mev. Experimental points are circles having 
diameters approximately equal to the counting statistics. The solid curve 
is of the form 1.22 +0.60 P:+0.23P:. 
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indebted to Professor W. W. Watson for his active interest and 
assistance. 


* Assisted by the Joint Program of the ONR and the AEC. 

** Now at Georgia School of Technology, Atlanta, Georgia. 

*** Now at Brookhaven National Laboratory, Upton, Long Island, 
New York. 

+ The He* sample was purchased from the AEC. 
are T. Bainbridge, Preliminary Report No. 1, Nuclear Science Series, 

2 J. Hatton and G. Preston, Nature 164, 145 (1949). 

3L. D. Wyly, Phys. Rev. 76, 104 (1949). 

4M. S. Livingston and H. A. Bethe, Rev. Mod. Phys. 9, 245 (1937). 

5H. A. Bethe, Brookhaven National Laboratory Report No. BNL-T-7. 





Note on Methane in the Infra-Red Solar Spectrum 


RoBEerRT R. McMatu, ORREN C. MOHLER, A. KEITH PIERCE, 
AND LEO GOLDBERG 


McMath-Hulbert Observatory University of Michigan, 
Pontiac, Michigan 


September 23, 1949 


N earlier papers,! the writers have described a series of in- 
vestigations of the infra-red solar spectrum from 1.0 to 3.6, 
which are being carried out at the McMath-Hulbert Observatory 
with the McGregor spectrometer and Cashman PbS cells. The 
program of solar observations has recently been enlarged, as the 
result of a cooperative arrangement with the Mt. Wilson Observa- 
tory. In accordance with this grrangement, the McMath-Hulbert 
Observatory has constructed and attached to the Snow solar 
telescope on Mt. Wilson a near-duplicate of the McGregor spec- 
trometer. Various members of the McMath-Hulbert staff are 
engaged in operating the spectrometer, the cost of which has been 
financed under a contract with the Office of Naval Research. 
In connection with a systematic program of identification of 
solar and telluric lines in the infra-red, the laboratory absorption 
spectrum of CH, in the region 1.0u-3.6u has recently been recorded 
at Lake Angelus. A d.c. carbon arc was employed as the source of 
continuous spectrum, and the absorption cell, 25 cm in length, was 
filled with methane at a pressure of two atmospheres. The disper- 
sion of the tracings, about 3.5 mm/A, is more than sufficient for 
complete resolution of the rotational structures of the CH, bands. 
Strong telluric bands of methane have already been recognized 
as important features of the infra-red solar spectrum between 
1.66u and 3.5u. Migeotte? first called attention to the spectro- 
scopic evidence for atmospheric methane by his identification of 
the fundamental »; band at 3.3u. Simultaneously, McMath, 
Mohler, and Goldberg? recorded the overtone band, 2y;, at 1.66u 
and the Q-branches of the combination bands 2+ 3, v3+4, and 
vity, at 2.20u, 2.32u, and 2.37u, respectively. Other combina- 
tion bands that might be expected to appear in the solar spectrum 


are — at 1.71 and 1.73y and v2+ at 2.43u.4 The 
vot vets 
latter bands, according to Moorhead,‘ do not exhibit Q-branches. 


The rotational structure of »; and of its first overtone is so 
extremely regular that the members of the positive and negative 
branches may be detected in the solar spectrum without reference 
to the laboratory spectrum of CH,. The dispersion of the solar 
tracings is sufficiently high, however, that the splitting of the 
high series members, due to Coriolis interaction, is plainly visible. 
On the other hand, the combination bands of CH,, especially 
those involving the neighboring frequencies v2 and », are strongly 
perturbed, and exhibit highly complicated and irregular rota- 
tional structures.*® 

The new laboratory tracings of the CH, spectrum verify the 
complexity of the combination bands. The spectrum between 2.154 
and 2.45 consists of hundreds of individual lines distributed in 
apparently random fashion between 2.15u and 2.45u. Detailed 
analysis of the spectrum will undoubtedly disclose that the lines 
are actually arranged in many overlapping series, including, 
perhaps, several faint bands for which quantum numbers have 
not higherto been assigned. 
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A comparison between the laboratory records and solar tracings 
obtained both at Lake Angelus and at Mt. Wilson shows that all 
of the CH, bands observed in the laboratory are also present in 
the solar spectrum. Since the bands originate in the earth’s 
atmosphere, the line intensities show a strong dependence upon 
solar altitude. The two bands at 1.74 are very weak and require 
about three air masses (3.3 cm of CH, at NTP) for visibility in the 
solar spectrum. On the other hand, the lines of the four combina- 
tion bands in the 2u region are both strong and numerous even on 
noon-day tracings. About 330 lines of CH, in the spectral region 
2.15u-2.454 appear on solar tracings obtained both at Lake 
Angelus and at Mt. Wilson with various air masses ranging from 
1 to 13. We estimate that between one-third and one-half this 
number would be produced by a single air mass. Furthermore, 
about 50 percent of all telluric lines in this spectral region are 
accounted for by CH,. The majority, if not all, of the remaining 
lines, are due to H,O. It is expected that the water vapor lines 
can be identified by comparisons between solar tracings obtained 
under varying concitions of humidity. 

We acknowledge with gratitude the continuance of grants-in- 
aid by McGregor Fund of Detroit. 

1See summary article by Robert R. McMath and Leo Goldberg, Proc. 
Am. Phil. Soc. (in press). 
2M. Migeotte, Phys. Rev. 73, 519 (1948). 
3 McMath, Mohler, and Goldberg, Phys. Rev. 73, 1203 (1948). 
4G. Herzberg, Infrared oe — Spectra (D. van Nostrand Com- 
pany, Inc., New York, 1945), 
5 J. G. Moorhead, Phys. Bee. “30, 33 (1932). 


6A, H. Nielsen and H. H. Nielsen, Phys. Rev. 48, 864 (1935). 
> 





Atmospheric HDO 


H. A. GEBBIE, W. R. HARDING, AND C. HILSUM 
Royal Naval Scientific Service, Admiralty, England 
AND 
V. ROBERTS 


Telecommunications Research Establishment, 
Ministry of Supply, England 
October 4, 1949 


HE appearance of the v2 absorption of HDO in the solar 
spectrum has been reported by Adel.! In the course of 
measurements made to determine the absolute transmission of the 
atmosphere for a horizontal path of 2264 yards over sea, we have 
found an absorption at 3.67 microns that corresponds to the 
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Fic. 1. Atmospheric transmission 2.7-4.3 microns. Path length 
2264 yards; precipitable water 17 mm. 


Q-branch of »; HDO. Absorptions corresponding to the P and R 
branches are also observed.? Figure 1 shows a typical transmission 
curve taken with a lithium fluoride prism. 

A full account of the work will be published in due course. 


1A, Adel, Astrophys. J. 93, 506 (1941). 
?E. F. Barker and W. W. Sleator, J. Chem. Phys. 3, 660 (1935). 
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Disintegration Electrons from Li;* Nuclei 
Ejected in Cosmic Stars 


E. Pickup AND L. Voyvopic 


Division of Physics, National Research Council, 
Ottawa, Ontario, Canada 


October 3, 1949 


HE well-known hammer tracks occurring occasionally in 
cosmic-ray stars have been shown! to be almost certainly 
due to the ejection of Li;* nuclei which disintegrate at the end of 
their range leaving Be,’, which then splits up into two oppositely 
directed a-particles. A further convincing proof of this would be 
to see the Li;® disintegration electron coming from the origin of 
the a-particles. In a particularly sensitive batch of Ilford G5 
emulsions we have now observed four cosmic stars showing ham- 
mer tracks, in each of which the Li;® disintegration electron can be 
clearly seen. A mosaic of photo-micrographs of one such event is 
reproduced in Fig. 1. 
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Fic. 1. Photograph of mosaic of photo-micrographs of a Souneet cosmic 
star found in an Ilford G5 emulsion, with Lis* nucleus ejected. This shows 
the characteristic hammer track, and also the Lis* disintegration electron. 
The zenithal direction for the event is indicated on the photograph. 
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Figure 1 shows a 5-pronged star with a Li;® fragment of energy 
about 17 Mev, two other fragments which end in the emulsion 
(probably a 2.5-Mev proton and a 22-Mev a-particle), and two 
probable high energy protons in a downward direction, although 
we cannot definitely rule out the possibility of one or both of the 
two latter being mesons. There is no sign of an incident charged 
particle. 

Grain counting on the Li,® electron gave 36 grains/100 microns 
(253 microns before leaving the emulsion), while a u-meson decay 
electron in the same plate gave 37 +2 grains/100 microns. For three 
random light tracks in this plate the counts were 35, 36 and 36+2 
grains/100 microns. In another case the Li;* fragment was ejected 
in a 23-pronged star, which contained only one lightly ionizing 
fragment, and at least two others heavier than Li;*. This event 
occurred in a plate from another box. The grain counts for the 
Li;® electron (600 microns before leaving the emulsion) and a 
m-u-meson decay electron (800 microns) in the same plate were 
34+2 and 36+2 grains/100 microns respectively,and the average 
count on eleven light random tracks was 322 grains/100 mi- 
crons. The other two Li;® events occurred in 4 and 5-pronged 
stars, but the disintegration electrons were rather too steep in the 
emulsion for accurate grain counting. Owing to the possible spread 
in energy values of the Li;° electron and the meson decay electron 
it is not possible with these few results to compare the relative 
ionization values measured with that expected theoretically, but 
it may be noted that the grain density in the two cases discussed 
appears slightly lower for the Lis® electron. 

The electrons show characteristic scattering, but no measure- 
ments have been made. The initial directions of the disintegration 
electrons relative to that of the a-particles appear fairly random 
for the four cases observed. 

It is hoped to discuss further details of these, and other Li;® 
events found in C2 emulsions, including examples of B;/’, cosmic- 
neutron disintegrations in boron loaded emulsions, in a later paper. 
However, one further point of interest may be made now. Referring 
to the event in Fig. 1, grain counting (using a long u-meson in 
the same plate as a reference) shows that the two lightest tracks 
in the 5-pronged star would not have been observed in the less 
sensitive C2 emulsions, and this event would have been described 
as a 3-pronged star. Similarly, the other 5-pronged star containing 
a Li,® fragment showed three light tracks, which would not have 
been detected in C2 emulsions. Thus, it is by no means certain 
that most of these events can be described in terms of a simple, 
light element, neutron reaction as was thought might be the case,! 
although there will undoubtedly be some examples of simple, 
neutron induced reactions.? 

We are indebted to the Trans-Canada Airlines for carrying our 
emulsions,’ to Misses S. Young, B. Mear, and B. Woodruff for the 
preliminary searching, and to Mr. D. Rushton for preparing the 
mosaic. 

1 See Franzinetti and Payne, Nature 161, 735 (1948). 

2 As suggested in the above reference; also, in boron loaded plates, ex- 
amples of events produced by cosmic neutrons similar to the Bs*‘, fast 
neutron reaction (E. Pickup, Phys. Rev. 74, 495 (1949). Cases of these have 
been observed (H. Yagoda and N. Kaplan, Phys. Rev. 75, 1328 (1949); 


E. Pickup, (unpublished work)). 
3 They were flown at an average height of about 14,000 feet. 





Gamma-Ray of K*° 


G. A. SAWYER AND M. L. WIEDENBECK 


Randall Laboratory of Physics, U mioentip of Michigan, 
Ann Arbor, Michigan 


October 7, 1949 


HE gamma-ray activity of K* has been determined by 
means of a scintillation counter calibrated with a known 
activity of K®. 
The source of the K“ radiation was 4 pounds of KC] placed in a 
cylindrical shell around a crystal of stilbene. The light output of 





KCl 












































Fic. 1. Geometry used with scintillation counter. 


the stilbene was piped through a Lucite rod to two adjacent 
photo-multiplier tubes, cooled with dry ice (see Fig. 1). The high 
noise background characteristic of a single photo-multiplier was 
eliminated since only coincidences between the photo-multipliers 
were measured. As a result the real counts from the K* (about 
0.5 count per second) were more than twice the background. 

The gamma-ray activity of the K* was then determined by 
mixing into the 4 pounds of KCl a known activity of K*, also in 
the form of the chloride. In the decay of K® a single gamma-ray 
of 1.51 Mev is emitted in 25 percent of the disintegrations.! This is 
almost identical in energy with the 1.55-Mev gamma-ray asso- 
ciated with the decay of K**.*? Thus the ratio of K* activity to 
K® activity could be obtained directly without corrections for 
counter efficiency, solid angle subtended, or absorption of the 
gamma-rays. The activity of the K®, obtained from Carbide and 
Carbon Chemicals Company, Oak Ridge, Tennessee, was meas- 
ured by beta-ray counting in a known geometry on five samples of 
varying strengths placed on thin Nylon backing of 0.6 mg/cm’. 
supplementary experiments indicated that the correction for 
window absorption, scattering from the backing, etc., was less 
than one percent. Correction was always made for decay of the 
K®, which has a 12.4-hour half-life! The activities obtained from 
these five samples are given in Table I. 


TABLE I. Source strength of K*. 








Source weight Disintegrations/ 





in mg g/sec. X107¢ 
2.30 1.25 
2.30 1.17 
3.20 1.19 
3.55 1.17 
4,95 1,21 








Five progressively larger amounts of the K® were thoroughly 
mixed into the K*° source and in each case the resulting counting 
rates were measured. The data obtained are given in Table II. 


TABLE II. Counting rate of K*. 











K® in mg 
added to K*# Counts/g/sec. 
62 43.0 
214 46.2 
382 47.2 
712 45.6 
1262 46.2 








The decay of the K* was followed through six half-lives and 
gave no indication of appreciable impurity. Attempts to detect 
gamma-gamma-coincidences also gave negative results. 

The gamma-activity of K* was found to be 3.6+0.3 gamma- 
rays/g of ordinary potassium/sec., in good agreement with the 
values of Gleditsch and Graf? (3.60.8 gamma-rays/g/sec.) and 
Ahrens and Evans‘ (3.3 gamma-rays/g/sec.). Further work on 
the decay scheme of K* is in progress. 

1K, Siegbahn, Arkiv. f. Mat. Astr. o. Fys. 34B, ene x (1946). 

2 E. Gleditsch and T. Graf, Phys. Rev. 72, 640 (19 


30. Hirzel and H. Waffler, Helv. Phys. Acta 19, 716 (1946). 
4L. H. Ahrens and R. D. Evans, Phys. Rev. 74, 279 (1948). 
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On the Shape of the Positron Spectrum of Cu * 


GEORGE E. OWEN AND C. SHARP CooK 


Physics Department, Washington University, 
St. Louis, Missouri 


September 26, 1949 


N considerations of the allowed beta-spectra according to the 
Fermi theory, there has been evidence! for the existence of 
an excess of particles in the low energy region. In spite of correc- 
tions? the allowed spectra continue to exhibit an excess of low 
energy particles. This deviation has been attributed to the finite 
thickness of the source. Although many quoted source thickness 
values have appeared to be quite small, deposition of sources from 
solution has been observed to lead to considerable non-uniformity 
in the process of crystallization, etc. Thus the quoted figures are 
merely average values and not true values over the entire surface 
of the source. 

Since the supposedly allowed positron spectrum of Cu® has a 
low energy excess in evidence below 500 kev, any decrease in the 
number of low energy particles to be gained through the use of 
thinner sources should be readily apparent in this spectrum. To 
check the existance of this marked deviation in the Cu“ spectrum, 
a method has been developed by which carrier-free sources ‘of Cu 
can be evaporated onto a backing, providing very thin and uni- 
form sources. 

Cu® was prepared by a (d, 2m) reaction on Ni*!. The active cop- 
per was then electroplated onto a 0.01-inch diameter tungsten 
wire.! This tungsten was then used as the heated filament from 
which the Cu® was evaporated onto a source backing of 0.00025- 
inch aluminum foil. The image was formed by an aluminum mask 
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Fic. 1. F—K plot of the spectrum of an evaporated source of Cu®! 
showing the effect of applying the shielding correction of Rose. 
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Fic, 2. Comparison of the F —K plots of Cu‘! taken under 
conditions as discussed in the text. 


fitted over the source backing. This aluminum backing was neces- 
sary since thinner Zapon foils, when placed at the required }-inch 
distance, will not withstand the excessive heat from the hot 
filament. 

Using the relative shapes and intensities of the 47-kev and 330- 
kev lines of I'*!, a series of independent experiments has indicated 
that distortions at energies greater than 47 kev resulting from 
back-scattering are negligible.’ 

After preparation by evaporation, the source of Cu® could not be 
seen visually and could only be detected by its activity. The fact that 
all the atoms plated onto the wire are radioactive copper atoms 
allowed an estimation of the thickness by calculations derived 
from the amount of activity present on the source backing. These 
give a calculated thickness of 10~* microgram per square centi- 
meter. This is considerably less than one complete atomic layer 
and corresponds to a random distribution of single atoms. 

The positron spectrum was then studied in a 6-cm radius of 
curvature spectrometer set to a resolution giving 1.2 percent at 
half-maximum for an internal conversion line.‘ 

Figure 1 shows the F—K plot with and without the shielding 
correction of Rose.® It is evident that the deviation below 500 
kev remains. 

Figure 2 illustrates the comparison of the F—K plots of the 
Cu® spectrum as obtained from two different spectrometers and 
three different sources: 

A. The 40-cm radius of curvature Indiana spectrometer using a source 
of less than 40 ug/cm? prepared from solution on a Zapon backing 

B. The 6-cm radius of curvature spectrometer at this laboratory using 
a source of less than 40 ug/cm? prepared from solution on a Zapon backing 


The same 6-cm radius spectrometer using the source of (10)~4 ug/ 
cm? ‘prepared by evaporation. 


It is significant that all the spectra taken under such widely 
different conditions have produced identical results. Also it is 


difficult to account for this consistant deviation by instrumental 
distortions. 
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This work has been assisted by the Joint Program of the ONR 
and AEC. 


* Since the submission of the manuscript for the accompanying letter to 
the editor, the positron and negatron spectra of Cu have been studied 
using identical techniques. The resulting F—K plots show no deviation 
from a straight line as low as 50 kev. This — the possibility of the 
existence of a forbidden spectrum or complex disintegration in the case of 
Cu, However, the possibility of a forbidden transition does not seem 
reasonable in view of the fact that the ft-value for this isotope predicts an 
allowéd transition. 

rc. > Cook and L. M. Langer, Phys. Rev. 73, 601 (1948); 74, my ie 

2G. E. Owen and H. Primakoff, Phys. Rev. 74, 1406 (1948); Ss. Wu 
and R. D. Albert, Phys. Rev. 75, 1107 (1949). 

3 Further details of this experiment will be published. 

4G. E. Owen and C. S. oy Rev. Sci. Inst. 20, 768 (1949). 

5M. E. Rose, Phys. Rev. 49, 727 (1936); C. Longmire and H. Brown, 
Phys. Rev. 75, 1102 (1949), 





A. Germanium Counter 
KENNETH G. McKay 
Bell Telephone Laboratories, Murray Hill, New Jersey 
September 29, 1949 


HEN insulating crystals, such as diamonds, are used as 
crystal counters of nuclear particles, a complicating factor 
is the trapping of mobile charge carriers in the crystal. This re- 
sults in a broad pulse height distribution and the development of 
internal space charge fields. These effects can be greatly mini- 
mized for bombarding particles of high specific ionization by 
using a very thin crystal together with a high electric field. A 
method of obtaining the equivalent of this is to use a barrier 
layer in a semiconductor. The properties of the barrier layer in 
germanium under a point contact are such that one can calculate 
under what circumstances it could be used as a counter.’ 

Figure 1 shows the equivalent circuit to be considered where 
Ro, Cp represent the constituents of the barrier impedance, R;, C; 
those of the amplifier input, and R, the series resistance of the 
body of the germanium. By applying a reverse bias to the barrier, 
we can insure that R,>R, and thus neglects R, completely. The 
equivalent circuit then reduces to a simple parallel RC circuit 
where R= R,R;(Rp+R;) and C=C;+C,. Bombardment of the 
barrier by an alpha-particle produces free electrons and positive 
holes in the barrier region which are then swept out by the barrier 
field aided by the applied field. The time taken to sweep the car- 
riers out of the barrier region is assumed to be short compared 
with the RC relaxation time, so that this action is equivalent to 
the production of an impulse current across the barrier layer, 
resulting in a peak voltage across the barrier of »=Q/C where Q 
is the effective charge transported across the barrier. We require 
that C be small enough to give an adequate signal-to-noise ratio 
thus limiting the maximum area of the barrier that can be em- 
ployed. The noise power per unit cycle from a barrier varies in- 
versely with the frequency and increases with increasing bias.? 
Consequently, it is important to eliminate the low frequency noise 
components and to operate at as low a bias as possible. We also 
require that the relaxation time RC be long compared with the 
amplifier rise time. The relaxation time of a barrier in N-type 
high back-voltage germanium is of the order of 0.1, sec. or less, 
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Fic. 1. Equivalent circuit of germanium crystal and amplifier input. 


THE EDITOR 1537 









































=3 
12x16 240 
———-.. 
PULSE Lt 
HEIGHT 
10 200 

é WZ 

5 

3} 

> 

ze f 160 5 

= $ 

Oo ” 

: jz 

w@ 120 z 

% z 

: é 

a NOISE w 

= LEVEL - 

34 80 w 

2 r 

2 3 

= Lagan’ 

2 — 40 
% 2 4 6 r 10 
BIAS VOLTS 


Fic. 2. Observed maximum pulse height and noise level 
as a function of applied bias. 


thus requiring rather wide band amplification. This relaxation 
time can be increased by reducing the barrier capacity to less 
than the amplifier input capacity which condition also results in 
the maximum pulse voltage. 

Experimentally this condition was realized by setting a phos- 
phor bronze point contact down on the face of a piece of 
N-type high back-voltage germanium. A large area ohmic contact 
was made to the opposite face of the germanium. The point was 
biased negatively with respect to the germanium and was con- 
nected to the input of an amplifier covering the frequency range 
of 100 kc to 15 mc. The barrier capacity was less than 1 uyuf and 
the total input capacity was 17 uyf. The point exhibited a typical] 
rectifier current-voltage characteristic, and the contact area was 
photo-sensitive. An uncollimated polonium alpha-source was placed 
near the contact area. The resultant pulses, as displayed on an 
oscilloscope, showed a broad distribution in pulse height owing 
presumably to the passage of some alpha-particles near the edges 
of the sensitive region. However, the maximum pulse height was 
well defined and is shown in Fig. 2 as a function of bias. The pulse 
shape agreed with that calculated from the circuit constants; 
the pulse rise time was apparently limited by the amplifier from 
which we can only conclude that ‘it was less than 0.05 usec. It 
should be noted that pulses are observed at zero bias as a result of 
the action of the barrier field alone. The maximum observed pulse 
height corresponds to the passage of 108 electronic charges across 
the barrier per alpha-particle. The current multiplication factor 
at the collector point has not been determined.! The sensitive 
region has a diameter of between 10-* and 107 cm. 

In another test a commercial Western Electric Type 400 B 
germanium rectifier was cut open and the wax impregnation re- 
moved. It was inserted in the circuit and the results obtained 
were essentially the same as those described above. 

The fast rise and recovery times should commend this counter 
for high speed or coincidence counting. It will respond effectively 
only to particles with a high specific ionization, thus discriminat- 
ing against betas etc. The small sensitive volume renders it 
spatially selective. Trapping apparently does not play an ob- 
servable role. The sensitive area could be increased by using a 
different geometry or by using a P—WN junction, the maximum 
area being subject to the restrictions discussed above.’ After 
bombardment by about 10" alphas/cm?, the counting efficiency 
should change but the original condition can be restored by a 
suitable heat treatment. 

1 J. Bardeen and W. H. Brattain, Phys. Rev. 74, 230 (1948), 


2 J. A. Becker and J. N. Shive, Elec. Eng. 68, 215 (1949). 
3 Shockley, Pearson, and Sparks, Phys. Rev. 76, 180 (1949), 


SEN OAc PAE Nt Bi DF MD BPRS EE i 


BS a jC ATI ee 188 li 


' 
| 
i 
4 
i 
: 
j 
/ 
{ 
j 
i 


enesnis 


pean 


res ee 


SA IT oF 











1538 LETTERS TO THE EDITOR 


Two-Component Wave Equations 


J. SERPE 
University of Liége, Belgium 
October 4, 1949 


[* a recent note Jehle! has considered the system 


V*(On— igi) = wy* (1) 
involving a two-component wave function ¥ and its complex 
conjugate y*; the notation 0;(k=0, 1, 2, 3) is used for 0/Axz; gx is 
a,real external four-potential, u a real constant; the four matrices 
y* and their complex conjugates 7** obey the rules 


(y+) = — A, (2) 
where J denotes the unit matrix, and 
gQ*=1, gla=p@=p=—1, gth=Q if kX. 


Kilmister® has investigated an aspect of the relationship of such 
two-component equations to Dirac’s system. 

The object of this letter is to show that Jehle’s equations may 
be used to describe Majorana particles* interacting with a pseudo- 
vector field. 

We first split Y and 7* into their real and imaginary parts, 
putting 

v=vety, (3) 
= ye +ivt. (4) 


Since yz and y¥; have two components we may write the wave 
function as a four-row real matrix 











VR 
vi 
In this way the system (1) may be written 
I*(O.— Tex) V =n, (6) 
where 
—1 
of =P ey, eee 
I*= " r= . (7) 
—yt —ypt| le dis ohn ; 
1 








Using Eqs. (7) and (2), we find that the I obey Dirac’s anti- 
commutation relations, i.e.: 


$(T* I+ FAT*) = — gh], (8) 


The I“ are real. Moreover it can be seen on the examples given by 
Jehle that I, I, T° and 7f may be taken as Hermitian; they give 
then a Majorana representation of Dirac’s matrices. We also see 
that I anticommutes with the four I’ and that T?=—1. Thus 


r=+:F', f (9) 
where 
M=7°" Ts, (10) 


Both signs in Eq. (9) may occur, as can be seen directly on the two 
special examples given by Jehle. 
Finally, Jehle’s system becomes 


T*(OpbiT gy) V = pW. (11) 


This equation, with Y quantized, may describe Majorana particles 
of “charge” +1 interacting with a pseudovector field g . Con- 
sidered from this point of view, it is covariant for the complete 
Lorentz group including reflections. 

Jehle’s formulation of Majorana’s theory is easily extended to 
the case where there is an interaction with a real scalar field S 
and a real pseudoscalar field P. In this more general case, the wave 


equation can be written (assuming unit “charges’’) 
Y*(Oe— ign)y = (ut+S+iP)y*. (12) 
1H. Jehle, Phys. Rev. 75, 1609 (1949). 


2C, W. Kilmister, Phys. Rev. 76, 568 (1949). 
3E. Majorana, Nuovo Cimento 14, 171 (1937). 





The Effect of Nuclear Shells upon the 
Pattern of the Atomic Species 


WILLIAM D. HARKINS 
University of Chicago, Chicago, Illinois 
September 6, 1949 


HE principle of regularity and continuity of atomic species, 
as developed by the writer, continues the thorium radio- 
active series down through the stable species to helium 4, and the 
uranium series to neon 22 and on to hydrogen 2. Harkins and 
Popelka' have shown that all of the species of the uranium series 
from Pb 206 to H 2 are stable, with the exception of Sr 90, which 
is adjacent to, but not at the end of the 50-neutron shell. In the 
thorium-helium series 5 are unstable, but all of these are near, but 
not at, the end of the 50- or 82-neutron shells. 

The purpose of the present communication is to exhibit other 
effects of these ‘“‘magic numbers” upon the pattern of the stable 
atomic species. It is shown that the neutron magic numbers have a 
much greater effect than the corresponding proton numbers. 

Figure 1 gives the pattern in such a form as to emphasize the 
limits of the valley of stability, which, on account of the existence 
of series, are somewhat irregular. The “magic’’ neutron numbersare 
represented by lines which are somewhat curved. The lower 
limit of stability is of interest. Up to MN 20 it lies on the x axis 
N/P=1, or the isotopic number J=0. Above that no stable 
species lies below the straight line from 20?°Cao*® to so!“Hgse!™, 
where the values represent p’E;4, where E is the element in 
question, P is the proton or atomic number, J, the isotopic num- 
ber, or number of extra neutrons and A the atomic mass. 

Figures 2a and 2b present the simplest plot. This gives all of the 
stable species. Also the naturally radioactive species of the U 
and Th series above g:Tl. The most abundant species are desig- 
nated by a line around the symbol, and those below or slightly 
above 1 percent of the element by an open circle. Above P=32 
these rare isotopes have the lowest neutron content, below this 
often the highest. 

Very marked is the fact that for neutron MN =S0 there are 6 
species and 3 of these are the most abundant for the element. 
For neutron MN—82 (MN=magic number) there are 7 species 
with 5 the most abundant for the element. 
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Fic. 1. Valley of stability. Heavy lines indicate ends of shells. 
—neutron shell; P—proton shell. 
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Fic. 2b. Stable atomic species. Atomic number P =60 to 81. Heavy lines 
indicate ends of shells. N—neutron shell; P—proton shell. 


The most marked effect of a proton MN is shown at calcium= 20 
where 2078Cas“* would presumably not exist if it were not at the 
end of a proton shell. This distorts the pattern. The region of few 
isotopes is just below this, but the neutron MW 20 gives 4 species 
with 2 of them the most abundant for the element. The 82-proton 
and 126-neutron magic numbers extend into the region of natural 
radioactivity, but even there the former is represented by 3 
stable isotopes and the latter by 2, and both of these 2 are the 
most abundant isotopes. 

A chart which emphasizes the effect of “magic numbers” on 
existence and isotopic number (extra neutrons) of the most 
abundant isotope is presented in Fig. 3, where the values for the 
odd elements are connected by a line, and those for the even ele- 
ments are not so connected. It is remarkable that for P=9 to 30 
the number of extra neutrons (J) is represented by higher values 
for odd than for even elements, but for 32 to 77 the values of J 
for even elements lie above the line for odd elements. The shift 
occurs just where the region of abundant species changes to that 
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of rare species. Just at Nios, where the shift occurs, the number of 
extra neutrons becomes specially low (2). 

The remarkable feature of the figure is the break which occurs 
just above the 50- and the 82-neutron shells. Here element 43, 
which has no stable isotope, lies just above the end of the 50-neutron 
shell, and 61, again with no stable isotope, just above the end of 
the 82-neutron shell. Neither the proton shells nor the 20- or 126- 
neutron shells have such a marked effect upon the relations dis- 
cussed here. 

In a paper submitted in July the abundance of nuclear species is 
considered in terms of even and odd P and even and odd N. This 
shows in a much more marked way the effects of the proton “magic 
numbers.” This method of treatment of even and odd P was 
introduced in 1915 (1920 for even and odd N) by the writer, but 
even yet prominent workers classify according to even or odd 
A=P+N, which obscures certain of the relations, since odd 
+odd=even. 

The effect of a proton magic number may be illustrated by tin 
at the ends of the 50-proton shell. Since the number of protons is 
greater than 30 it is a somewhat rare element. However, the 
effect of the end of the shell is shown by the fact that it is much 
more abundant than any other element from P=41 to P=92, and is, 
for example, 24 times more abundant than cadmium (P=48), 
which has the next lower even atomic number. 

In 1915-17 the writer developed what has become known as 
Harkins rule, that the elements of even number are very much 
more abundant than those of odd number. However, the remainder 
of the rule is usually forgotten. This is that the atomic species 
which contain an even number of neutrons are very much more 
abundant than those in which the number is odd. 

Thus 2 is the most important of the magic numbers. This is 
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Fic. 3. Most abundant isotopes of the elements of odd and of even 
atomic number. Heavy lines indicate ae of shells. N—neutron shell; 
P—proton shell. 
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illustrated by helium pon2 whose cosmic abundance, according to 
the latest estimate, is 120 times greater than that of all of the other 
elements, excluding hydrogen, which has a simple nucleus. This 
shell of 2 neutrons or of 2 protons has not received the attention 
which it merits. 

For a discussion of closed shells with 20, 50, 82 neutrons or 
protons, or 126 neutrons, a paper by Maria Mayer may be 
consulted.” 


1W. D. Harkins and M. ~. Jr., Phys. Rev. 76, 989 (1949). 
2M. G. Mayer, Phys. Rev. 74, 235 (1948). 





The Ratio of L; to K Capture* 
M. E. Rose Anp J. L. JACKSON** 


Oak Ridge National Laboratory, Oak Ridge, Tennessee 
September 29, 1949 


HE phenomenon of orbital electron capture from the L; shell 

was observed recently by Pontecorvo, Kirkwood, and 

Hanna! in A*’. The experimental value of the ratio of probabilities 

for L; to K capture was reported to be between 8 and 9 percent. 

As was mentioned in reference 1 a computed ratio of only 6 per- 

cent is obtained using relativistic wave functions with Slater 
screening constants.” 

It is possible to use a much better representation of the screen- 
ing and we have calculated the Z; to K capture ratio using (1) 
relativistic wave functions computed on the Eniac by J. Reitz® 
with a potential function obtained from a Thomas-Fermi field 
with exchange and (2) self-consistent field wave functions.* In 
the case of the relativistic wave functions the small screening for 
the 1s wave function was not considered and an extrapolation had 
to be carried out since the 2s wave functions are available for 
Z=29, 49, 84 and 92 only. Since the ratio is not very sensitive 
with Z (see Fig. 1), this extrapolation seems safe enough. The 
Hartree wave functions used for A included the effect of exchange 
and the neglect of non-relativistic effects makes a rather trivial 
error in the case of A. The results are: 


L/K ratio 
(1) relativistic wave functions 8.2 percent 
(2) Hartree wave functions 8.1 percent 


and the agreement with the observed value is all that could be 
desired. 

The L/K ratio for other values of Z may be obtained from Fig. 1, 
curve (1) for medium and heavy atoms and curve (2) for light 
atoms. In Fig. 1 the square of the ratio of the 2s to 1s wave func- 
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Fic. 1. Ratio of electron densities for Ly and K shell at nuclear radius 
versus Z. Curve (1): relativistic wave functions with Thomas-Fermi field 
plus exchange. Curve (2): Hartree self-consistent field wave functions. To 
obtain ratio of Ly to K capture multiply by square of ratio of neutrino 
energies in the two cases, (Ez7/Ex)*. 
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ratio should be very close to unity. 


* This document is based on work performed under Contract No. W-7405, 


eng 26 for the AEC at the Oak Ridge National Laboratory. 
** Present address, New York University. 
1 Pontecorvo, Kirkwood, and Hanna, hoes Rev. 75, 982 (1949). 
2R. E. Marshak, Phys. Rev. 61, 431 (1942). 


3 The authors are indebted to Dr. Reitz for a pre-publication copy of these 


wave function tables. 


4 Complete references are to be found in D. R. Hartree, Reports on Prog - 


ress in Physics, XI (1946-47). 





The Disintegration Scheme of Tm!”° 
J. S. FRASER 


Radiation Laboratory, McGill University, Montreal, Quebec, Canada 
September 27, 1949 


EW evidence for the complexity of the beta-ray spectrum 

of 127-day Tm!” has been obtained by the use of a thin 
lens spectrometer supplemented by §-y-coincidence measure- 
ments. The beta-ray spectrum has been shown to consist of two 
components; one with a maximum energy of (970+5) kev as 
reported previously, and a second with an endpoint of (886+5) 
kev comprising approximately 10 percent of the transitions. The 
single weak gamma-ray,' largely internally converted, has been 
found to have an energy of (83.9++0.2) kev. 

The source was prepared from “Specpure” Tm,2Q; irradiated in 
the Chalk River pile to give a specific activity of 5 mc/mg. The 
source thickness was estimated to be 0.25 mg/cm? and it was 
mounted on a 0.03 mg/cm? Nylon film rendered conducting by a 
layer of evaporated aluminum (0.02 mg/cm?). The counter 
window was made up of Nylon films to a thickness of 0.055 mg/ 
cm? and passed electrons of energy greater than 7 kev. Good 
statistics were obtained and the high energy end of the spectrum 
was studied carefully. The Kurie plot of the beta-spectrum using 
the relativistic coulomb correction factor is shown in Fig. 1. If 
the assumption is made that the higher energy group is of the 
allowed shape, then the discontinuity in the Kurie plot is indi- 
cative of a weak beta-ray group of lower maximum energy. Sub- 
traction of the main group from the total yields a reasonably 
straight line which when extrapolated to the energy axis gives an 
end point of (900+20) kev (curve C, Fig. 1). The rise of the curve 
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Fic. 1."Kurie plot of the Tm!7°'beta-spectrum. Curve A is the curve of the 
experimental points, curve B is}the high’ energy end plotted with an ex- 
panded ordinate scale, and curve C is obtained by subtracting the main 
group. 


tions at the nuclear radius is shown. The L/K capture ratio is 
obtained by multiplying by the square of the ratio of neutrino 
energies in the two cases,? but in almost every case this latter 
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Fic. 2. Tentative decay scheme for Tm!7, 


above the straight line at energies less than 240 kev is assumed to 
be due to scattering within the source. 

A second source of 0.1 mg/cm? on a 0.5 mg/cm? aluminum 
backing was used to check the efficacy of the method of grounding 
the first source. The locations of the conversion lines and the end 
point agreed, within the accuracy of calibration, with those ob- 
tained with the first source. The effects of scattering in the source 
were slightly decreased in the thinner source. 

The energy of the gamma-ray was computed from the K, L, and 
M conversion lines on the beta-spectrum at 22.6, 73.5, and 81.2 
kev respectively as well as from the L and M photo-electron lines 
using a 15.3 mg/cm? lead radiator. A search for other gamma- 
rays‘ using a 40-mc source with lead and uranium radiators yielded 
a negative result. 

The significant result obtained from the coincidence experi- 
ments was the very low ratio of beta-gamma-coincidences to 
beta-rays. A brass-cathode gamma-counter and a 2.1 mg/cm? 
mica end-window beta-counter were used in conjunction with a 
coincidence mixer of 0.45-microsecond resolving time. An alumi- 
num absorber, 16 mg/cm?, was placed before the beta-counter 
to avoid registering coincidences between conversion electrons 
and x-rays. 

For the simple decay scheme previously proposed,?? the ratio 
of the beta-gamma-coincidence rate, Ngy, to the beta-counting 
rate should be equal to ey, the efficiency of the gamma-counter in 
the experimental geometry. For the decay scheme depicted in 
Fig. 2 this ratio will be N2(1—a)/(Ni+Na2)ey, where N; refers to 
beta-particles in the group going to the ground state, Nz to the 
lower energy group and a is the ratio of converted gamma-rays 
to Ne. The value of ¢, for 84-kev gamma-rays was measured by 
calibrating the coincidence apparatus with Co gamma-rays 
and by referring to a semi-empirical efficiency curve for a similar 
counter. The result was ¢,=(2.9+0.2) x10‘. The average of 
the two experimental values obtained for the ratio Ng,/Ng is 
(3.05+1.0)10-*. The inference is that the factor N2(1--a)/ 
(Ni+N:) is of the order 0.01. The Kurie plot analysis of the beta- 
spectrum leads to a value of approximately 0.1 for the ratio 
N2/(Ni+N:). Thus «20.9. 

The conversion coefficients were also measured from the ratios 
of the height of the lines above the continuum to the area corre- 
sponding to the group Ne. The line heights were corrected ap- 
proximately for window absorption after a method described by 
Witcher,’ using Nylon absorbers before the counter window. 
The results are ax = 0.08, a, =0.55, and ay=0.17 so that a=0.80. 

The low beta-gamma-coincidence rate obtained here is in fair 
agreement with that obtained by Ketelle? who states that the 


gamma rays are in coincidence with not more than 10 percent 
of the beta-rays. 

The result would be consistent with the simple decay scheme 
only if the gamma-ray were converted more than 90 percent 
whereas the experimental value would be about 8 percent referred 
to the simple scheme. A decay scheme which is consistent with 
all of the present results is given in Fig. 2. 

The resolving power of the coincidence-absorption method used 
by Graham and Tomlin’ is probably too low to distinguish be- 
tween the two proposed decay schemes. 

The author wishes to express his appreciotion to Professor J. S. 
Foster, for his help and advice throughout this work and to Dr. 
D. G. Douglas for valuable discussions and assistance. 

1G, T. Seaborg and I. Perlman, Rev. Mod. Phys. 20, 585 (1948). 

2D. Saxon and J. Richards, Phys. Rev. 76, 186 (1949). 

3R. L. Graham and D. H. Tomlin, Nature 164, 278 (1949). 

4P. J. Grant and R. Richmond, Nature 163, 840 (1949). 

5G. F. von Droste, Zeits. f. Physik 100, 529 (1936). 


®C. M. Witcher, Phys. Rev. 61, 32 (1941). 
7B. H. Ketelle (private communication to the author). 





Erratum: Altitude Dependence of Penetrating 
Particles Slowed Down After Traversing 
15 Cm of Lead 

\ [Phys. Rev. 76, 851 (1949)] 


MARCELLO CONVERSI 


Institute for Nuclear Studies, University of Chicago, 
Chicago, Illinois 


HE numbers per hour of mesons (M) and of X-particles (X) 
stopped in the absorber must be multiplied by the factor 
1.6X 1077 (not 1.1X 10~’ as stated in the paper) in order to obtain 
the corresponding absolute numbers per sec., g, sterad. The ordi- 
nate of Fig. 1 must be multiplied, accordingly, by (1.6/1.1). 
The “true anticoincidences” at 30,000 feet, in the fourth line of 
Table I, are 925+30 per hour (not 985+30). 





Magnetic Multipole Internal Conversion . 


N. TRALLI AND I. S. LOWEN* 


Physics Department, Washington Square a 
New York University, New York, New 


September 30, 1949 


N a previous letter! on the calculation of magnetic internal 
conversion coefficients in the Pauli approximation curves of 
the ratio of the coefficients in the K shell to those in the L shell 














Fic. 1. Curves for Nx/NLz as a function of Z?/E. Solid line, 
magnetic multipole; broken line, electric multipole. 
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Fic. 2. Curves for the ratio of the magnetic internal coefficient for the 
L111 sub-shell to those for the Lz sub-shell as a function of Z2/E. 


versus Z?/E for Z=35 and E, the gamma-ray energy in kev, were 
given for multipole orders /=1, 2, 3. The calculations have been 
extended to cover multipole orders 4 and 5. Figure 1 shows the 
complete set of curves. For the sake of comparison, the curves of 
Hebb and Nelson? for the electric multipole conversion ratios are 
included. 

In Fig. 2 the ratio of the magnetic internal conversion coeffi- 
cients for the L777 sub-shell to those for the L; sub-shell has been 
plotted against Z?/E for Z=35. Since, in this approximate theory, 
the magnetic internal conversion for the ZL; sub-shell is less than 
5 percent of that for the Z; sub-shell, these curves provide an 
additional method for determining the type of magnetic multipole 
radiation. 

The curves of Figs. 1 and 2 are valid for low Z and low gamma- 
ray energy. However, the exact calculations of Rose and his co- 
workers’ show that, in the K shell, the approximate method gives 
very poor results for the internal conversion coefficients for Z as 
low as 40 and energies as low as 150 kev. Of course, if one is con- 
cerned with lower values of Z, say about 25, and smaller gamma- 
ray energies, better agreement of approximate with exact calcula- 
tions may be expected. In any case it is possible that the ratios 
given by the approximate method may be better than the values 
of the internal conversion coefficients. This point will be settled 
when the exact calculations for the Z shell are completed. Until 
then the curves should be used with extreme caution. 

* Deceased. 

1], S. Lowen and N. Tralli, Phys. Rev. 75, 529 (1949). 


2M. H. Hebb and E. Nelson, Phys. Rev. 58, 486 (1940). 
3M. E. Rose et al. Phys. Rev. (to be published). 





A New Gyromagnetic Effect 


S. J. BARNETT AND Louis A. GIAMBONI 


University of California, Los Angeles, California, and California 
Institute of Technology, Pasadena, California 


September 30, 1949 


HE existence of this effect was suggested to one of us by 
Professor Albert Einstein a number of years ago. Not long 
afterward the quantitative theory was developed, and experiments 
instituted to test its validity. Circumstances, however, made it 
necessary to stop the work temporarily before it was completed, 
and only recently has its continuance become practicable, with 


the same magnetic materials and much the same experimental 
procedure, but with great improvements in many particulars. 

A long circular cylinder of the substance under investigation is 
magnetized along its axis to intensity of magnetization Js near 
saturation, so that the moments of all the magnetic elements 
point essentially in the same direction, Z. 

In a direction X, normal to Z, a small magnetic intensity with 
frequency f, much below the resonance frequency, is applied. 
When the rod is absent the intensity in the space it is to occupy is 


He= Hz sin2rft. 


This causes the intensity of magnetization (always practically 
parallel and equal to Jz) to oscillate through the small angle @ 
in the plane XZ, thus producing a small intensity of magnetiza- 
tion Jz, synchronous with H, and proportional thereto. The angle 
6 is given by the relation 

6=J. af J a 


The rotation of the elements gives rise to a gyromagnetic in- ~ 
tensity in the rod in the direction Y (normal to X and Z) such 


that! 
= pd0/dt 


where p is the gyromagnetic ratio. 
If the rod is infinite in length, there results an intensity of 
magnetization in the direction Y given by the formula 


= pf/2m-[(u—1)/(u+1) Pes cos2aft)/(Js) 


where yu is the transverse permeability of the material. 

From this formula, after correction for end effects due to the 
finite length of the cylinder, and after direct measurements of Jz 
and the other quantities involved, the quantity p can be calcu- 
lated. It is assumed that, as is the case of the actual experiments, 
eddy currents are negligible. 

In this way, for compressed Permalloy powder (from the Bell 
Telephone Laboratories), at frequencies of 22 kc and 30 kc, and 
in longitudinal fields varying in strength from 0 to 2700 gausses, 
it has been found that the (corrected) formula is satisfied through- 
out the region of approximate saturation when 


= (1,010.06) m/e. 


The formula does not, of course, hold in the region between 
J,=0 and approximate saturation. As would be expected, J, is 
zero when J; is zero; and it increases to a maximum somewhat 
before approximate saturation is reached. It then follows the 
formula into the strongest fields. 

In view of the magnitude of the experimental error, there is no 
certain disagreement between these results, obtained with very 
intense fields, and the results obtained from the Barnett effect, 
with rotation frequencies equivalent to exceedingly minute mag- 
netic intensities, and from the Einstein-de Haas effect, with weak 
and moderate intensities. This value is about 1.05 m/e? 

Experiments have also been made on compressed iron powder 
(from the Bell Telephone Laboratories), but the fields obtainable 
have not been sufficiently intense to produce approximate satura- 
tion. The observable early part of the curve between J, and Js 
closely resembles that for Permalloy, and the part nearest satura- 
tion suggests a value of p approximately equal to (1.06+0.10)m/e. 
The standard value of p for iron is 1.03m/e.2 

We expect to publish soon a much more nearly complete ac- 
count of this work. 

For important assistance we are indebted to the Carnegie Insti- 
tution of Washington, the National Research Council and the 
U. S. Navy, ONR. The experimental work has been done in the 
Norman Bridge Laboratory of the Institute. 


1S. J. Barnett, Phys. Rev. 6, 239 (1915); and Proc. Am. Acad. 68, 229 


(1933). 
2S, J. Barnett, Proc. Am. Acad. 7a. 401 (1940); Proc. Am. Acad. 75 
109 (1944); and Phys. Rev. 66, 224 (1944). 





